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4 Abstract 
 
Faithful transmission of genetic material is challenged by the presence of natural 
impediments affecting replication fork progression that jeopardize genome 
integrity. Transcription, which competes with DNA replication for the same 
template, is a common barrier to replication in both prokaryotes and higher 
eukaryotes. Multiple mechanisms minimize the consequences of DNA replication 
and transcription collisions in order to prevent torsional stress accumulation that 
occurs when replication fork encounters the transcription machinery. Defects in 
resolving topological problems during chromosome replication lead to fork 
reversal, R loop formation and recombination-induced genome rearrangements. 
Our interest is focused on the processes that coordinate replication with 
transcription at TERs (termination sites) and on the molecular pathways involved 
in termination of DNA replication. We investigated the roles of Rrm3, a DNA 
helicase that assists replication fork progression, and of Sen1, a DNA/RNA 
helicase that resolves the conflicts between replication and transcription. We 
found that Rrm3 and Sen1 mediate replication termination at specific TERs, 
preventing aberrant events ultimately leading to chromosome fragility. Our results 
contribute to the elucidation of mechanisms coordinating replication and 
transcription at TER zones in eukaryotes. 
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5 Introduction 
 
5.1 DNA replication challenging genome integrity 
DNA replication is an essential process that needs to occur accurately, 
rapidly and only once during the cell cycle. Thus, faithful transmission of genetic 
material is crucial to maintain genome stability. Despite well-orchestrated 
mechanisms preventing mutations and chromosome rearrangements, obstacles 
that affect replication fork integrity continuously challenge replication fork 
progression. The enzymatic processes of DNA replication such as leading- and 
lagging- strand unwinding, template stabilization, daughter strand synthesis and 
replication fork fusion need to be tightly coordinated. Despite errors that occur 
during chromosome replication and obstacles, which might destabilize the 
replisome, chromatin dynamics during S phase affects DNA replication and DNA 
repair. If the progression of DNA replication fork is impaired, aberrant DNA 
structures and DNA damage might be generated. Therefore, replication-associated 
stress is a big contributor to genetic damage and genome instability that leads to 
tumour formation. 
 
5.1.1 Origin firing and S phase dynamics 
Prokaryotes possess only one sequence-specific replication initiation site 
(Mott and Berger, 2007), from which two replication forks originate and replicate 
the genome with a speed of 60 kb min-1. In contrary, eukaryotic genome is 
scattered with numerous replication origins (ORIs). The human genome is 700-
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fold bigger than in Prokaryotes but the replication forks progress 20-fold slower 
(2-3 kb min-1).  
ORIs are selected in the G1 phase of the cell cycle by sequential 
recruitment of the pre-replicative complex (pre-RC). The pre-RC is composed by 
initiator proteins: origin recognition complex (ORC) (Bell and Stillman, 1992), 
Cdc6, Cdt1, the MCM complex and Cdc7-Dbf4 (Mechali, 2010). ORC is a six-
protein complex, Orc1-6, and all proteins are present in an equal stoichiometry. 
The complex is conserved throughout evolution but the sequence of all subunits is 
very different among eukaryotic organisms. The ORC remains bound to the 
replication origin during the entire cell cycle (Aparicio et al., 1997; Liang and 
Stillman, 1997). Cyclin-dependent kinases (CDKs) mediate the phosphorylation 
of the ORC subunits in a cell cycle dependent manner preventing the re-
replication of the genetic material during the same cell cycle (Nguyen et al., 2001). 
Cdc6 is present only during the G1 phase of the cell cycle and its synthesis and 
degradation is tightly regulated. Cdt1 was first found and characterized in 
Schizosaccharomyces pombe (Hofmann and Beach, 1994) and together with Cdc6 
is required for the pre-RC assembly and loading the six MCM proteins onto the 
chromatin. Cdt1 is a stable protein. In late M and G1 phase is localized in the 
nucleus, whereas during S and early M phase it displays a cytoplasmic 
localization (Tanaka and Diffley, 2002). The MCM complex (Mini-Chromosome 
Maintenance) consists of six proteins, MCM2-7, which are very conserved 
throughout evolution (Maine et al., 1984). MCM proteins are essential for both 
initiation and elongation processes in DNA replication. Absence or inactivation of 
any MCM subunit during G1 phase prevents the entry into S phase. By analogy, 
MCM protein inactivation during S phase impairs the replication fork progression 
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(Labib et al., 2000). The MCM proteins can form different complexes. The 
Mcm4-Mcm6-Mcm7 sub-complex in mammalian cells shows non-processive 3’-5’ 
helicase activity (Ishimi, 1997), suggesting that MCMs could function as 
replicative helicases. Still it remains elusive how the MCM complex is loaded 
onto DNA. Several scenarios as the rolling mechanism, the ssDNA embracing and 
the DNA pumping are considered as potential modes of action of MCM 
complexes (Mendez and Stillman, 2003). Cdc7 is a protein kinase associated to 
the chromatin during all the cell cycle (Weinreich and Stillman, 1999) but is 
active only at the G1-S transition. Its activity depends on the interaction with a 
regulatory protein, Dbf4, which is transcribed in a cell cycle dependent manner 
(Jackson et al., 1993) and binds to the chromatin only at the G1-S phase transition 
and throughout the entire S phase (Weinreich and Stillman, 1999). 
It has been shown that 30,000-50,000 of origins are active at each cell 
cycle, but not all of them are activated at the same time. First genome-wide 
studies in mammalian cells (Cadoret et al., 2008; Sequeira-Mendes et al., 2009) 
have argued the correlation between the unmethylated CpG islands, which could 
be a mark of replication origins, and promoter regions. Transcription levels at 
replication initiation sites correlate with replication timing and divide ORIs into 
two classes: those firing in early S phase and associated with moderate/high 
transcription levels (≥1 RNA copy/cell) mapped to transcription start sites (TSSs) 
of coding RNAs; and those firing throughout entire S phase and associated with 
low transcription levels (<1 RNA copy/cell) mapped to TSSs of non-coding 
RNAs (Dellino et al., 2013). 
In fission yeast Schizosaccharomyces pombe, replication origins are not 
determined by a specific sequence but the presence of 384 A+T-rich islands up to 
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1 kb long (Segurado et al., 2003). The absence of consensus elements in those 
replication initiation regions indicates that different sequences target the ORC to 
distinct ORIs. 
In Saccharomyces cerevisiae the replication origins are well characterized. 
The budding yeast ORI’s were identified by discovering their ability to support 
the replication of the plasmid. Thus, they were named Autonomously Replicating 
Sequences (ARS) elements (Hsiao and Carbon, 1979). Each budding yeast 
replication origin consists of two domains: a short domain A (~11 bp) with an 
essential DNA sequence recognized and bound by the replication initiation 
proteins, called the ARC consensus sequence (ACS); and lacking a specific 
consensus sequence domain B, divided into three variable subdomains: B1, B2 
and B3. The B1 subdomain is crucial for binding the replication initiation proteins 
and when mutated, reduces the origin activity (Bell and Stillman, 1992). 
The recent genome-wide studies have confirmed 429 replication origins in 
Saccharomyces cerevisiae, among which 332 are considered as active 
(Raghuraman et al., 2001; Wyrick et al., 2001). The range of inter-origin space 
varies between 10 and 200 kb with an average distance between active replication 
origins of 40 kb. Activation of inactive origins might provide an alternative option 
to allow completion of DNA replication when forks, initiated at efficiently fired 
origins, become inactive due to an obstacle encountered ahead (Newlon and Theis, 
2002). 
 In all of the eukaryotic genomes, at each cell cycle, only a subset of 
replication origins fire. The active origins might be divided into different classes 
based on their activation time throughout S phase. Those, which become active at 
the beginning of S phase are called “early”, while those that fire at the end are 
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known as “late”. The inactive origins are considered “dormant”, although they are 
able to support plasmid replication. 
 The selection of an active replication origin along the numerous potential 
ones is regulated by chromatin architecture. Ideally, the replication origin should 
be positioned in an open chromatin domain, facilitating the preRC assembly. If 
the origins are located within the heterochromatin region, they become either late 
or dormant (Ferguson and Fangman, 1992; Stevenson and Gottschling, 1999). 
Histone acetylation, associated with higher chromatin accessibility, favours origin 
activation. Mutation of the histone deacetylase (HDAC), Rpd3, induces chromatin 
hyperacetylation leading to late origins activation (Vogelauer et al., 2002). Origin 
activity state may change during development, suggesting that the replication 
initiation sites selection is regulated by epigenetics (Aggarwal and Calvi, 2004). 
The nuclear envelope can also regulate origin activity by maintaining high level 
of activators and inhibitors of DNA replication (Walter et al., 1998). Perturbation 
in nuclear envelope formation blocks replication both in Xenopus laevis (Newport, 
1987) and Saccharomyces cerevisiae (Pasero et al., 1997). Interestingly, studies 
done in Xenopus egg extracts show that both nucleo-cytosolic ratio and nuclear 
structure play important but different roles in replication initiation regulation. 
While the number of origins depends on nucleo-cytosolic ratio, changes in nuclei 
dictate which, among numerous initiation sites, will become an active origin 
(Dimitrova and Gilbert, 1998).  
The selection of replication origins in Eukaryotes involves multiple 
mechanisms. The choice of active origins must adapt to changes in chromatin 
structure combined with cell differentiation and development. 
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5.1.2 DNA synthesis 
The successful DNA synthesis is based on the unperturbed progression of 
a replication fork with its associated replication protein complex. The required 
replication fork integrity maintenance must coordinate processes advancing 
replication fork movement across obstacles, stabilizing the replisome and in case 
of damage, triggering the adequate mechanisms that arrange the replication 
proteins re-association. Unwinding, replicating and rewinding DNA strands is a 
challenging task that involve multiple helicases opening the DNA helix ahead of 
the replication fork. The coordinated activities of helicases expose the unpaired 
DNA nucleotides, allowing base pairing catalysed by DNA polymerases 
(Bessman et al., 1958; Lehman et al., 1958). Faithful DNA copying shares 
conserved features from Prokaryotes to Eukaryotes and is known as 
semiconservative DNA replication (Meselson and Stahl, 1958). 
 
5.1.2.1 DNA replication initiation 
Prior to DNA double helix unwinding, the pre-RC complex is 
disassembled and replaced by set of proteins initiating DNA synthesis process that 
form pre-Initiation Complex (pre-IC). The transition between Pre-RC and Pre-IC 
is mediated by the displacement of Cdc6 and Cdt1, which is followed by the 
recruitment of replication initiation proteins: Mcm10, Cdc45, Sld3, Dpb11 and 
GINS. 
Mcm10 has been found in the same screen together with MCM2-MCM7 
genes in Saccharomyces cerevisiae. Mcm10 is tightly associated with the nuclear 
chromatin and the MCM complex (Merchant et al., 1997). The mcm10 mutation 
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impairs replication initiation at the ARS1 origin and induces the pausing of 
replication forks coming from the adjacent origins (Homesley et al., 2000). The 
timing when Mcm10 is recruited and bound to the chromatin differs among 
organisms. In Saccharomyces cerevisiae Mcm10 acts as a pre-RC component and 
anchors the Mcm2-Mcm7 complex to the replication origin during G1 phase 
(Homesley et al., 2000). In contrary, in Xenopus laevis the Mcm10 recruitment 
occurs after the MCM complex loading onto DNA. 
  Cdc45 is essential for cell viability and is required for DNA replication 
initiation in yeast (Zou et al., 1997). Cdc45 associates with pre-RC in G1 phase 
and binds to the MCM complex (Aparicio et al., 1997). Its stable association with 
total chromatin is connected with S-CDKs activation at the G1/S transition (Zou 
and Stillman, 1998). Cdc45 physically interacts with Mcm2 and serves as a linker 
between the pre-RC and the pre-IC. The loadings of Cdc45p and DNA Polα onto 
late origins are inhibited in a Rad53-dependent manner (Aparicio et al., 1999). 
The association of RPA with late origins is similarly blocked (Tanaka and 
Nasmyth, 1998). 
 Throughout the cell cycle in Saccharomyces cerevisiae, Cdc45 forms a 
complex with Sld3 and this interaction is essential for its association with the 
MCM complex (Kamimura et al., 2001). Sld3-Cdc45 binds to ORIs through Mcm 
proteins and the complex is crucial for origin unwinding in the initiation step of 
DNA replication (Kamimura et al., 2001). 
 Dpb11 suppresses mutations of two essential subunits in DNA polymerase 
II (ε) in budding yeast. It senses stalled replication forks in S phase and transmits 
the signals to the checkpoint machinery (Araki et al., 1995). 
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 Another component of the pre-IC is GINS complex, which is composed of 
four proteins: Psf1, Psf2, Psf3 and Sld5. This multi-protein complex is required 
during replication initiation and most probably during DNA synthesis (Takayama 
et al., 2003). GINS complex affects Sld3-Cdc45, Dpb11 and Pol ε binding onto 
DNA. These proteins assembling occur in a mutually dependent manner to initiate 
DNA duplex synthesis.  
 
5.1.2.2 Leading- and lagging-DNA strand synthesis 
Antiparallel orientation of the leading- and the lagging-strand in DNA 
duplex challenge highly conserved principles of DNA replication. The DNA 
template unwinding and polymerization of the daughter strands are the main 
processes that DNA replication is based on. The enzymes responsible for 
uncoupling the DNA duplex are helicases, whereas the DNA strand synthesis 
reaction is carried by DNA replicative polymerases. The DNA unwinding 
generates ssDNA, which is immediately bound by RPA proteins (Tanaka and 
Nasmyth, 1998). RPA complex is composed of three subunits: Rfa1, Rfa2 and 
Rfa3. RPA mediates binding of Dpb11 protein, which is essential for DNA 
polymerases loading onto DNA. Thus, the coordinated action between DNA 
helicases and polymerases allows the generation of two copies of the parental 
genome. 
 DNA polymerases are highly specialized enzymes that proceed along a 
single-stranded DNA molecule and recruit free dNTPs to hydrogen bond with 
their complementary dNTP on the single DNA strand. In Eukaryotes, the main 
players in the canonical mode of DNA synthesis are five DNA polymerases: α, β, 
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δ, ε and γ. Polymerase γ is responsible for the mitochondrial DNA synthesis while 
the others are located in the nucleus and are essential in the nuclear DNA 
amplification. Because DNA polymerases require a primer from which the DNA 
synthesis reaction initiates, polymerase α (Pol α) functions as a replicative 
primase (Fisher et al., 1979) and it is the only eukaryotic polymerase that can start 
DNA synthesis de novo. Pol α is composed of four subunits that create a complex, 
which is essential in the DNA replication initiation and Okazaki fragments 
synthesis on the lagging strand of the replication fork. The P180 subunit is 
required for the polymerase activity, P58 and P48 control the primase activity and 
the forth B subunit plays an essential role at the early stages of DNA replication 
(Foiani et al., 1995; Foiani et al., 1997). The primase synthesizes a primer 
containing a short ~10-nucleotide RNA stretch onto which the DNA polymerase 
adds 10 to 20 DNA bases (Nethanel et al., 1992). This priming process occurs 
both during replication initiation of the leading-strand synthesis and at the 5’ end 
of each Okazaki fragment formation on the lagging strand. The RNA stretches 
priming Okazaki fragments are degraded, and extended DNA segments are linked 
to form a continuous DNA fragment. The process is called “Okazaki fragments 
maturation” and is mediated by RPA protein binding, stabilizing DNA:RNA 
primers and stimulating Dna2 and Fen1 endonuclease activity. By extent of the 
strand displacement, maturation proceeds by the short or long flap processing 
pathway. Fen1 and Dna2 degrade initiator RNA in a short and long flap pathway, 
respectively (Burgers, 2009; Garg et al., 2004). 
 Although Pol α is indispensable in priming DNA synthesis both on the 
leading- and the lagging strand, it is not able to continue DNA replication. After 
polymerase switch, Pol ε completes the leading strand replication. Pol δ generates 
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Okazaki fragments during lagging-strand synthesis (Nick McElhinny et al., 2008; 
Pursell et al., 2007). 
 Replication forks are encircled by specialized clamps, which are called 
PCNA (Proliferating Cell Nuclear Antigen). PCNA loading does not occur 
frequently on the leading strand due to continuous DNA replication since its 
initiation. In contrary, constant initiation of Okazaki fragment synthesis on the 
lagging strand requires continual PCNA loading. Replication factor C (RF-C) 
serves as a clamp loader and consists of five subunits forming a stable ATP-
dependent complex with PCNA (Tsurimoto and Stillman, 1989, 1990). RF-C 
recognizes the primer-template junctions, where it loads PCNA. Importantly, 
when replication must be terminated, clamp loaders unload PCNA from DNA 
(Yao et al., 2006). 
 The faithful synthesis of leading- and lagging-strand relies on coordinated 
action and stable association of DNA polymerases with replication forks. Despite 
its role in genetic information duplication, DNA synthesis is also needed during 
DNA repair processes including recombination and lesions-bypass at the damaged 
DNA site. Thus, the polymerases involved in DNA amplification face the 
immense task to keep the genome intact. 
 
5.1.3 Genome duplication termination 
DNA replication is a well-programmed process that initiates at specific 
sites, ORIs, and terminates at specialized regions called replication termini (Ter), 
which cause orientation-dependent fork arrest. As a consequence of bi-
directionally moving forks, termination processes are spatially dissociated from 
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the replication initiation. In higher Eukaryotes, DNA replication termination is 
still poorly understood. 
It the simian virus 40 (SV40), the DNA replication termination does not 
involve a specific nucleotide sequence but it occurs when two replication forks 
meet (Lai and Nathans, 1975).  
In Escherichia coli replication termination takes place within specialized 
complexes in a sequence-specific manner (Neylon et al., 2005). After the unique 
origin firing, the replication forks move bi-directionally and meet at the 
replication terminus at a site approximately opposed from the origin. The 
replication terminus is composed of multiple Ter sites, which are recognized and 
bound by Tus protein that counteracts helicase activity (Coskun-Ari and Hill, 
1997). Tus-Ter complex arrests the replication fork in an orientation-dependent 
way (Hill, 1992; Hill et al., 1987). The polarity of replication termination allows 
the replication fork to pass through the “permissive face” of the DNA-protein 
terminating complex and blocks it at its “un-permissive face” (Khatri et al., 1989; 
Lee et al., 1989). The stalled fork is resolved when the other comes from the 
opposite direction. Interestingly, at the terminus region of Escherichia coli, 
frequent hyperrecombination events occur and involve nucleoid organization and 
its remodelling after replication (Louarn et al., 1994). 
In Eukaryotes, the DNA replication termination is different. Replication 
fork termination is an event that occurs by fusion of replication forks emanating 
from the closest fired origins (Edenberg and Huberman, 1975). Along eukaryotic 
chromosomes numerous replication termination sites are present and ensure the 
appropriate replication fork convergence. Schizosaccharomyces pombe genome 
contains a genetically programmed replication termination site 1 (RTS1) near the 
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mating-type (mat1) locus. The terminating region is involved in mating type 
switching. The RTS1 ensures that mat1 is replicated in the correct direction by 
optimizing mating-type switching that is a replication-coupled recombination 
event (Dalgaard and Klar, 1999, 2001). The Pol α gene, Swi7, is required for 
recombination initiation at the mat1 locus. Moreover, the Swi1 and Swi3 genes 
are involved in replication fork arrest at RTS1 (Dalgaard and Klar, 2000; Krings 
and Bastia, 2004), which involves several cis-acting sequences and trans-acting 
proteins (Codlin and Dalgaard, 2003). Interestingly, RTS1 displays similar 
features to mammalian rDNA replication fork barriers. 
In eukaryotic genomes, there are numerous programmed replication fork 
barriers (RFBs) that arrest the replication fork in an orientation-dependent manner. 
Certain barriers prevent the collisions between replication fork and transcribed 
RNA. One of the best-known RFB is located in the non-transcribed spacer 3’ of 
the 35S ribosomal RNA gene (rDNA) in budding yeast (Linskens and Huberman, 
1988). In Saccharomyces cerevisiae the rDNA locus on chromosome XII consists 
of an array of 100-200 repeats, each 9.1 kb in length. The repeats are highly 
transcribed to produce ribosomes that are essential for translation. An origin of 
replication (rARS) is present at the non-transcribed spacer 2 (NTS2). Replication 
initiates from approximately one in five rARS per cell cycle. RFB is present at 
NTS1 and functions through binding of the non-histone protein Fob1 (Kobayashi 
and Horiuchi, 1996). The leftward moving from rARS replication fork arrests at 
RFB in a polar way that is independent from transcription (Brewer et al., 1992). 
In Saccharomyces cerevisiae, Tof1 and Csm3 proteins, homologs of Swi1 
and Swi3 in fission yeast, respectively, contribute in controlling replication 
termination together with Rrm3 helicase at rDNA (Mohanty et al., 2006). Tof1 
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and Csm3, together with Fob1, ensure stable fork pausing by counteracting Rrm3 
helicase, which displaces Fob1 to facilitate fork progression. 
Excluding rDNA regions, recent observations implicate the DNA helicase 
Rrm3 as an important mediator of replication termination in budding yeast 
(Fachinetti et al., 2010) that occurs within a zone of 5 kb (Zhu et al., 1992). Rrm3 
belongs to Pif1 family helicases and was identified in a screen of genes affecting 
rDNA recombination (Keil and McWilliams, 1993). Rrm3 is a stable component 
of the replisome due to its interaction with the catalytic subunit of DNA 
Polymerase ε, Pol2, the leading strand DNA polymerase (Azvolinsky et al., 2006). 
Although the deletion of RRM3 is not lethal, the Rrm3-sensitive sites exhibit 
increased pausing, aberrant termination intermediates (Fachinetti et al., 2010), 
spontaneous lesions’ accumulation (Torres et al., 2004) and DNA breakage. 
In eukaryotes, sequence-specific replication termini are not present within 
every replication unit. Instead, the termini are found at specialized locations 
containing replication pausing elements at centromeres, tRNA genes (Pol III) and 
regions where collision between transcription and DNA replication occurs (Pol II) 
(Fachinetti et al., 2010). Replication termination is a complex process and the 
mechanisms that contribute to the appropriate fork fusion are the guardians of 
genome integrity. 
 
5.2 Cellular roles of DNA topoisomerases 
The DNA double helix contorts and supercoils when is unwound by 
helicases (Schvartzman et al., 2013; Schvartzman and Stasiak, 2004) and various 
topological constraints act on replicating DNA molecules (Postow et al., 2001). 
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The replicating DNA generates precatenanes (+), which intertwine the daughter 
DNA, and positive supercoils ahead of the replication fork. If those structures are 
not resolved, the physical link between sister chromatids is established that 
impedes the accurate chromosome segregation during mitosis (Postow et al., 
2004). 
 DNA topoisomerases are specialized enzymes, highly conserved in all 
Eukaryotes, which alter the DNA topology. Those enzymes tightly control 
supercoiling, precatenation, catenation and knotting interplay during DNA 
replication, recombination, transcription and chromosome condensation. (Bermejo 
et al., 2007; Liu and Wang, 1987; Wang, 1996). Thus, DNA topoisomerases’ 
activity is essential for chromosomal stability and cell survival. 
 DNA topoisomerases are classified into two categories: type I and type II 
enzymes. Type I enzymes transiently break DNA strands one at a time, which 
changes the DNA Lk (linking number), a constant that measures number of times 
two strands of the double helix wind around each other. In contrary, type II 
enzymes generate nicks in both strands in concert and catalyse the ATP-
dependent passage of the intact DNA double helix through another that is 
transiently broken (Nitiss, 1998). The two types are divided into four subfamilies: 
IA, IB, IIA and IIB. Despite no sequence homology, topoisomerases of the same 
subfamily are structurally and functionally similar, while those of different 
subfamilies do not share neither structural nor mechanistic relation (Champoux, 
2001). 
Type IA enzymes introduce a transient break in a single-strand DNA 
region and catalyse the DNA strand passage by forming an ‘enzyme-bridge’ 
holding two DNA ends created by the breakage. Type IA topoisomerase (budding 
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yeast Top3) has an activity toward negatively supercoiled DNA, but not positively 
supercoiled DNA (Kim and Wang, 1992). The type IB enzymes (budding yeast 
Top1) relax both positively and negatively supercoiled DNA. The type IB 
topoisomerase, differently from the type IA, creates a nick in a dsDNA segment 
(Champoux, 2001). 
Type II A enzymes (budding yeast Top2) have the strong capacity to 
create nicks in both DNA strands and relax the over-wound DNA, positively 
supercoiled, by reducing the torsional stress. Another subclass of the type II 
enzymes, called type IIB, was identified in the archaeon Sulfolobus shibatae and 
shares similar catalytic activity with the type IIA enzyme (Bergerat et al., 1994). 
The DNA topology alters with the torsional constraints arising during 
replication and transcription processes that use the same substrate, DNA, as a 
template. Replication forks and transcription bubbles move along the DNA and 
accumulate positive supercoils ahead. Both DNA polymerases (DNAPs) and 
RNA polymerases (RNAPs) are able to rotate along the double helix (Doksani et 
al., 2009; Harada et al., 2001; Reyes-Lamothe et al., 2008).  The rotation along its 
axis forms precatenanes, which are the intertwinings of replicated chromatids that 
move the torsional stress backward. The positive supercoils accumulate ahead of 
both replication fork and transcription machinery and are the substrate for type IB 
and type II topoisomerases. 
The process of fork fusion creates tremendous topological constraints and 
aberrant torsional stress resolution may challenge chromosome integrity (Wang, 
2002). In vivo and in vitro studies have shown the implication of both types 
topoisomerases: IB (Top1) and II (Top2) in replication termination (Baxter and 
Diffley, 2008; Bermejo et al., 2007). The two topoisomerases travel with the 
	   25	  
replication forks presumably for precatenanes resolution behind the fork (Top2) 
and positive supercoiling downstream of the fork (Top1). However, at the very 
last step of termination the positive supercoils, in between two approaching forks, 
are not resolved by Top1. Top2 is known to resolve the last DNA helix overwinds, 
approximately 1 kb in length, allowing the replication to terminate (Fachinetti et 
al., 2010). 
 
 
Model 1. The DNA topological transitions resulting from DNAP and RNAP 
rotations. Adapted from (Bermejo et al., 2012) 	  
 (A) When the DNAP machinery does not rotate, DNA helix overwinds ahead of 
the fork. 
(B) When the DNAP rotates, the positive supercoils are redistributed behind the 
fork and form precatenanes. 
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(C) Nonrotating RNAP machinery accumulates positive supercoils ahead and 
negative supercoils behind the transcription bubble, called twin supercoiled 
domains. 
(D) The RNAP rotation results in the nascent RNA entanglement around the 
double helix behind the transcription bubble. 
 
5.3 Natural impediments to DNA replication 
Numerous factors with exogenous, genetic and/or intrinsic origin hinder 
the replication fork passage along the genome and can jeopardize its integrity. 
Exogenous factors interfering with DNA replication are the source of 
DNA damage and/or nucleotide pools depletion. In the first matter, DNA 
replication is blocked at the sites of damage caused by, for example, UV light 
irradiation, DNA-damaging agents or topoisomerase inhibitors. In the second 
matter, replication fork progression is impaired by the lack of the 
deoxynucleoside triphosphates (dNTPs) essential for DNA amplification. 
Hydroxyurea is one of the drugs that affect the dNTPs pool. 
Mutations of genes that inhibit replication fork progression by affecting S 
phase dynamics, the replisome components or factors contributing in nucleotide 
pool control are a genetic threat that affect the accurate replication of the whole 
genome. 
The integrity of S phase processes is threatened by the intrinsic factors that 
are the natural impediments to DNA replication. Those hindrances can be 
classified into five main replication-threatening groups: transcription, 
recombination and DNA repair, DNA binding proteins, replication slow zones 
and topologically altered DNA structures. 
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5.3.1 Transcription 
 Replication fork and transcription complexes compete for the same 
template during S phase. The encounters between DNA- and RNA-polymerases 
result in clashes between those two machineries that strongly affect genome 
stability. Replicative barriers that are associated with transcription are a common 
feature both in Prokaryotes and higher Eukaryotes. Multiple mechanisms are 
developed to minimize the consequences of DNA replication and transcription 
collisions in order to prevent chromosomal deletions and rearrangements (Vilette 
et al., 1995) (Gan et al., 2011). 
 
5.3.1.1 Directionality of replication-transcription collisions 
 Depending on the orientation of the transcribed gene, the replication fork 
encounters the transcription machinery in either head-on or a codirectional 
manner. If genes are encoded on the lagging strand, they are transcribed in the 
opposite direction from leading-strand replication that causes a head-on clash 
between RNAP and DNAP complexes. In contrast, when genes are encoded on 
the leading-strand, the direction of transcription is the same as leading-strand 
replication. Head-on collisions between replication and transcription can be more 
deleterious than codirectional ones in preserving genome integrity and might 
generate fork pausing (Liu and Alberts, 1995; Olavarrieta et al., 2002). 
Transcription generates positive supercoiling ahead of the transcription bubble 
that creates a topological barrier to the fork movement. Fork restart occurs 
through the displacement of head-on-oriented RNAP from DNA template. Mfd, 
which is the transcription-repair coupling factor, promotes direct restart of the 
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fork (Pomerantz and O'Donnell, 2010). In contrast, the codirectional clashes 
between replication and transcription barely affect replication fork progression 
and the replication machinery can use mRNA primer to restart the replication 
(Kogoma, 1997; Pomerantz and O'Donnell, 2008; Srivatsan et al., 2010). 
 Prokaryotic genomes have evolved to minimize the frequency of head-on 
collisions (Brewer, 1988; Rocha, 2004). In Bacillus subtilis 75% of genes are 
transcribed codirectionally with replication (Kunst et al., 1997). Codirectional 
collisions might be detrimental, if transcription elongation involves extensive 
backtracking, which is a reversible backward sliding of RNAP along DNA and 
RNA (Nudler, 2012). Bacteria have evolved several mechanisms to either 
suppress backtracking or to remove the backtracked complexes. The presence of 
active ribosomes behind RNAP (Proshkin et al., 2010), the termination induction 
by Rho and Mfd (Park and Roberts, 2006) and transcript cleavage by GreA and 
GreB factors (Toulme et al., 2000) suppress DSBs formation as a consequence of 
codirectional collisions between replication fork and backtracked RNAP. 
However, the speed of replication fork in bacterial genomes is approximately 20-
fold faster than in transcription (~800 nucleotides/s versus 20-50 nucleotides/s). 
Thus, regardless the transcribed gene orientation, head-on and codirectional 
collisions are inevitable. In contrary in eukaryotes, the speed of replication fork 
and transcription machinery is similar, making codirectional collisions unlikely. 
 
5.3.1.2 Gene gating and DNA replication termination 
Topological problems arise when the transcription apparatus moves along 
the DNA template. When it cannot rotate along the helixal axis, positive 
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supercoiling accumulation ahead the fork is compensated by negative supercoiling 
behind. Type II topoisomerase, Top2, not only resolves the precatenanes behind 
the fork but also localizes to CENs in metaphase (Bachant et al., 2002) and to 
transcribed genes at the beginning of the S phase before replication fork’s arrival 
(Bermejo et al., 2009). Thus, Top2 stabilizes transcription-subordinated 
chromosomal loops that are anchored to nuclear pores, coupling transcription with 
the mRNA export (Model 2A). Those two coupled processes are known as gene 
gating and presumably prevent the annealing of newly synthesized mRNA 
transcript into the negative supercoiling behind the transcription machinery 
(Bermejo et al., 2011). Top2 together with Hmo1, which belongs to high mobility 
group (HMG) proteins that modulate chromatin structure and transcription of 
certain RNAP transcribed genes (Thomas and Travers, 2001), act at the base of 
the DNA loops. Both proteins stabilize the chromosomal loop that modulates the 
chromosomal S phase architecture suppressing chromosome fragility. 
When replication fork approaches the region where gated loop has been 
established, the chromatin architecture ahead the fork needs to be simplified in 
order to enable replication to be continued. The topological complexity of 
replication-gene gating domain activates Mec1/ATR that phosphorylates Mlp1, 
which is the inner basket protein of the nuclear pore. As a consequence of 
checkpoint activation, the chromosomal loop is dismantled and replication fork 
can continue its passage along DNA (Bermejo et al., 2011) (Model 2B). 
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Model 2. S phase transcription coupled with gene gating.  
Gene loops are formed through association of promoter and terminator regions. 
As RNAP initiates transcription, the nascent RNA chain rotates around the DNA 
template. Replication fork is depicted in red while nascent RNA in blue. Positive 
and negative supercoils are indicated by ‘+’ and ‘-‘, respectively. Adapted and 
modified from (Bermejo et al., 2012). 
(A) Gating-induced loop formation. When nascent RNA becomes longer, it 
intertwines with the DNA template and the chromatin is brought into contact with 
nuclear pore complex (NPC). Top2 and Hmo1 proteins control the integrity of the 
loop by binding at its base. 
(B) Mec1/ATR counteracts gene gating. When a replication fork approaches the 
gated loop, it becomes dismantled through the local checkpoint activation. 
Mec1/ATR phosphorylates Mlp1 protein. Simplifying the architectural domain of 
transcribed region enables replication fork to restart and replicate the region. 
 
In checkpoint defective rad53 mutants the persistence of topological 
barriers at gated genes leads to positive supercoiling accumulation, which results 
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in fork reversal (Model 3A and B). Gene gating is abolished when components of 
the THO and TREX-2 complexes are mutated (Cabal et al., 2006). Alternatively, 
in gene gating defective mutants twin supercoiled domains persist longer and the 
negative supercoiling behind the transcription bubble might favor the 
entanglement of the nascent RNA molecules leading to the R-loops formation 
(Model 3C and D). 
 
Model 3. Replication and transcription collision consequences in pathological 
situations. Adapted from (Bermejo et al., 2012). 
(A) Gene loop formation as a natural impediment for incoming replication fork. 
(B) In checkpoint-defective cells the chromatin loop is still attached to the nuclear 
pore and persisting topological barrier increases the positive supercoiling between 
approaching replication fork and gated gene that results in reversed fork formation. 
(C) In physiological situations, twin supercoiled domains transiently form after 
checkpoint-dependent DNA loop disassembling. 
(D) In gene gating-defective cells, the persistence of twin supercoiled domains 
and the negatively supercoiled DNA behind the transcription bubble contribute to 
non-transient DNA:RNA hybrids formation, which leads to R-loops accumulation.  
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5.3.1.3 DNA:RNA hybrids and R-loops formation 
During transcription, the nascent RNA transcript can invade DNA duplex 
(Westover et al., 2004) and form a three-stranded nucleic acid structure containing 
DNA:RNA hybrid and ssDNA. DNA:RNA hybrids are the natural transcription-
linked intermediates. Under unperturbed conditions, the formation of ~8 bp hybrid 
stretch facilitates the progression of the transcription complex (Nudler, 2012). 
Unlike dsDNA and dsRNA that adopt B and A conformation respectively, 
DNA:RNA hybrids have the intermediate conformation between these two forms 
(Shaw and Arya, 2008). Those structures are very stable due to their low thermal 
stability and favour the negative DNA supercoiling (Shaw and Arya, 2008). Thus, 
removing DNA:RNA hybrids requires special enzymes. The most prominent, and 
so far best characterized, enzyme is RNase H, which endonucleolytically cleaves 
the RNA moiety from the DNA:RNA hybrid. RNase H is also involved in the 
cleavage and RNA primer removal in the lagging strand synthesis during DNA 
replication. 
Coordinating replication with transcription processes is essential to 
maintain genome integrity. Thus, DNA:RNA hybrids formation must be tightly 
controlled in order not to become a threat for replication fork progression. It has 
been recently shown that Sen1/Senataxin is a replisome component and, as a 
DNA/RNA helicase, travels with the leading strand of DNA polymerase 
promoting the progression across RNA polymerase II (RNAPII)-transcribed genes 
(Model 4A) (Alzu et al., 2012). In Saccharomyces cerevisiae, Sen1 is a 
component of NRD complex (Sen1, Nab3 and Nrd1) (Vasiljeva et al., 2008) and 
is implicated in transcription termination of many noncoding RNAs such as the 
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small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) (Steinmetz 
et al., 2001; Ursic et al., 1997).  
 
 
Model 4. DNA:RNA hybrids accumulation at collision sites between 
replication and transcription. Adapted and modified from (Alzu et al., 2012). 
(A) Following gene loop dismantlement, induced by ATR checkpoint, twin 
supercoiled domains are transiently formed, which favours nascent transcript 
annealing to the negatively supercoiled DNA behind the transcription bubble. 
Sen1 moves with the fork and prevents DNA:RNA hybrids persistence. 
(B) In the absence of Sen1, DNA:RNA hybrid accumulates and persists on the 
lagging strand at the site of replication-transcription collision. As a consequence, 
R loop is formed, which is deleterious for cell viability. 
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Mutated Senataxin leads to severe neurodegenerative diseases, ataxia with 
oculomotor apraxia type 2 (AOA2) (Moreira et al., 2004) and juvenile 
amyotrophic lateral sclerosis 4 (ASL4) (Chen et al., 2004). Dysfunctional Sen1 
results in the persisting transcript entanglement with the negatively coiled DNA 
template (Roy et al., 2010) that has grave topological consequences, if not 
processed. Those enduring structures, formed of the DNA:RNA hybrid and 
ssDNA thread, are called R loops (Model 4B). Although the DNA:RNA hybrids 
occur naturally during replication and transcription (Aguilera and Garcia-Muse, 
2012), R loops are deleterious in maintaining genome integrity. It has been 
proposed that the replicative, and not the transcriptional, function of Sen1 
counteracts DNA:RNA hybrids accumulation. Its action is particularly essential 
during S phase at the regions where transcription collides with head-on oriented 
replication. 
 
5.3.2 Replication Slow Zones 
 Particular regions in the genome are difficult to replicate and pause 
replication forks in unperturbed physiological conditions. Those regions have 
been mapped on chromosome III between early origins of replication and defined 
as Replication Slow Zones (RSZs) (Cha and Kleckner, 2002). Analysis of 
temperature sensitive mutant mec1-4 (yeast ortholog of mammalian ATR) 
revealed chromosomal breakage within RSZs in late S and G2 phase. Replication 
fork stalling in the mec1-4 mutant was suppressed by deleting Sml1, which is an 
inhibitor of the ribonucleotide reductase Rnr1. However, the depletion of dNTPs 
pool is not the main reason of replication fork stalling at RSZs, which do not have 
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a non-random base composition. Interestingly, RSZs are functionally analogous to 
common fragile sites (CFSs) in mammals (Sutherland et al., 1998). 
 
5.3.3 Topologically altered DNA structures 
 DNA usually exists in a B form conformation. However, alternative 
structures can form and impair replication fork progression due to their altered 
topology. There is a growing body of evidence that replication can be inhibited by 
the presence of hairpins, triplexes (H-DNA), cruciform, Z-DNA, S-DNA and G 
quartets (Wells, 2007). The sequences of those structures are subjected to 
topological transitions depending on their base composition, DNA supercoiling, 
symmetry etc. Their non B DNA conformations are mutagenic (Samadashwily et 
al., 1993; Usdin and Woodford, 1995; Weaver and DePamphilis, 1982). 
 Interestingly, the unusual DNA structures are energetically non favourable 
in dsDNA. Only high degree of negative supercoiling, which facilitates DNA 
unwinding, stabilizes non B DNA structures. Based on the fact that oncoming 
replication fork accumulates positive supercoiling ahead, the unusual structures 
should not longer persist upon approach of the replication fork (Peter et al., 1998). 
Thus, the scenario of replication fork encountering a natural impediment, formed 
by a non B DNA structure, seems to be unlikely in vivo. However, lagging-strand 
synthesis creates transient stretches of ssDNA and provides an opportunity for 
unusual DNA structures formation. Those structures might be a threat for lagging-
strand DNA replication elongation and can lead to the replication fork arrest. As a 
consequence, the non B form DNA structures contribute to the formation of gross 
deletions, inversions, duplications and translocations (Wells, 2007) in the genome. 
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5.4 The role of the checkpoint in DNA replication 
 Faithful transmission of the genetic material is the prerequisite of the 
organism survival. Given that cells are under continuous assault of endogenous 
and exogenous DNA damage agents, maintaining an undamaged genome is a 
constant challenge. The guardians of accurate DNA replication are checkpoint 
surveillance mechanisms that monitor genomic topological transitions throughout 
the cell cycle. 
 Intrinsic control of varied cell cycle processes, subjected to DNA damage, 
was first observed in the SOS DNA damage response pathway in Escherichia coli 
and in ataxia telangiectasia mutated (ATM) in mammalian cells (Chan and 
Hickson, 2009; George et al., 1975). In budding yeast the control mechanism was 
discovered few years later (Weinert and Hartwell, 1988) and named ‘checkpoint 
control’, which is the term that now applies to intrinsic control mechanisms in 
other organisms. All eukaryotic cells, with an exception of certain embryonic cells, 
possess checkpoints that control all processes involving DNA metabolism 
(Hartwell and Weinert, 1989). 
DNA checkpoints can be classified into two groups: checkpoints that 
recognize and respond to DNA damage and replication checkpoints that regulate 
the fidelity of DNA amplification. The role of DNA damage checkpoints is to 
monitor the cell cycle arrest (Paulovich et al., 1997), activate DNA repair 
pathways (Cortez et al., 1999) and transcriptional programmes that facilitate 
repair (Elledge, 1996), control the telomere length (Ritchie et al., 1999), protect 
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stalled replication forks integrity (Katou et al., 2003; Lopes et al., 2001) and, if 
necessary, trigger apoptosis (Lowe et al., 1993). 
The DNA damage checkpoint is active at three different phases of the cell 
cycle: G1/S, intra-S phase and G2/M. At the G1/S phase transition the checkpoint 
activation arrests the cell cycle by blocking the entrance into S phase (Siede et al., 
1993; Weinert and Hartwell, 1988), at intra-S phase slows the replication fork 
progression (Paulovich and Hartwell, 1995) and during the G2/M transition 
blocks the entrance into mitosis (Weinert and Hartwell, 1988). When the damage 
is found, the checkpoint uses a signal mechanism and either stalls the cell cycle 
until the damage is repaired or targets the cell for destruction via apoptosis. The 
signalling pathways at each cell cycle phase use the same sensor-signal-effector 
mechanism. 
The checkpoint control pathways are highly conserved throughout 
evolution. The key factors in the checkpoint response in Saccharomyces 
cerevisiae have their structural and/or functional homologues in 
Schizosaccharomyces pombe and mammalian cells. 
 
5.4.1 DNA checkpoint activation 
Triggering the checkpoint response after sensing the DNA damage 
becomes essential for genome integrity maintenance. Checkpoint activation 
requires a kinase cascade, which amplifies the signal and transmits it to the 
checkpoint response effectors. 
A common intermediate that activates the checkpoint is ssDNA. The first 
evidence came from the studies in budding yeast in which the absence of Cdc13p, 
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ssDNA-binding protein at telomeres, activates the checkpoint (Garvik et al., 1995; 
Lydall and Weinert, 1996). ssDNA is also generated at the site of DSB (Lee et al., 
1998; Pellicioli et al., 2001) and after HU treatment that leads to the high increase 
of ssDNA accumulation (~200 bp) at the replication forks (Sogo et al., 2002). 
ssDNA is bound by the RPA protein complex (Zou and Elledge, 2003). When 
RPA is mutated in its large subunit, rfa1-t11, it reduces Ddc2 recruitment, which 
is the partner of the Mec1 checkpoint kinase, to the site of damage (Lisby et al., 
2004), (Lucca et al., 2004) (Nakada et al., 2004). 
 
5.4.2 The intra-S phase checkpoint 
The intra-S phase checkpoint is a signalling pathway that slows replication 
fork progression in the presence of DNA damage. It stabilizes the stalled 
replication fork, preventing the dissociation of replisome components. 
In budding yeast, Mec1 (ATR ortholog) and Rad53 (Chk2 ortholog) 
kinases are the major components of the signal transduction pathway in S phase 
(Allen et al., 1994; Weinert et al., 1994). Mec1 belongs to the 
Phosphatidylinositol 3’ kinase-like kinase (PIKK) family (Elledge, 1996) and in 
vivo, independently of DNA damage or other DNA checkpoint genes forms a 
complex with Ddc2 (ATRIP ortholog) (Paciotti et al., 2000). Mec1-Ddc2 complex 
is recruited to the site of damage caused by DSB formation and at the single 
strand breaks formed at telomeres in the absence of Cdc13 protein (Melo et al., 
2001). The binding of Ddc2 to RPA-coated ssDNA enables the Mec1-Ddc2 
complex to associate with DNA (Zou and Elledge, 2003). Deletion of Ddc2 
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causes DNA damage defects and replication block similar to mec1Δ cells (Paciotti 
et al., 2000; Wakayama et al., 2001). 
Rad53 belongs to transducing protein kinases that contain a forkhead-
associated domain (FHA), needed for protein-protein interactions, (Sun et al., 
1998) and plays a central role in the checkpoint-signaling pathway. Rad53 
becomes phosphorylated by Mec1 and due to its auto-phosphorylation capacity 
that magnifies the signal (Pellicioli et al., 1999; Sanchez et al., 1996; Sun et al., 
1996). Rad53 phosphorylation in response to DNA damage also requires other 
checkpoint factors; Rad24, an RFC-related protein and the PCNA-like proteins: 
Rad17, Ddc1 and Mec3 (Model 5) (Paciotti et al., 1998). The treatment with 
methyl methanesulfonate (MMS), which is an alkylating agent, decreases the 
Rad53 activity in both mutated Rad24 and PCNA-like complex (Pellicioli et al., 
1999). Analogously to PCNA-RFC complex that stabilizes DNA polymerases on 
the replication fork, the checkpoint sliding clamp might hold the checkpoint 
sensors at the site of damage. 
When replication fork encounters perturbations while synthesising DNA, 
the DNA damage checkpoint stalls the replication machinery until the damage is 
repaired. Two-dimensional gel technique (2D-gel) and electron microscopy 
showed that rad53Δ mutants accumulate gapped and hemireplicated molecules at 
replication forks (Lopes et al., 2001; Sogo et al., 2002), which exhibit a defective 
replisome-fork association that turns into pathological intermediates (Lucca et al., 
2004). The DNA polymerase α-primase complex (Pellicioli et al., 1999), RPA 
(Brush et al., 1996) and Mrc1 (Katou et al., 2003) are implicated in replisome-
fork stabilization. Stalled forks do not accumulate breaks or recombinogenic 
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intermediates (Sogo et al., 2002) and Rad51 or Rad52 are not involved in the intra 
S-phase checkpoint response (Lucca et al., 2004). 
 
 
 
 
Model 5. The DNA damage checkpoint response. 
Schematic representations of DNA damage sensors, signalling pathways and 
effector mechanism. Adapted from (Branzei and Foiani, 2006).  
 
The checkpoint proteins also monitor the activation of replication origins. 
In replication stress conditions, Mec1 and Rad53 prevent the firing of late origins 
(Desdouets et al., 1998; Shirahige et al., 1998). Although the origin activation and 
replication fork progression during DNA synthesis are similar both in the 
presence or absence of HU, the time frame is very different. Thus, with functional 
DNA replication checkpoints the firing of late origins is not inhibited but delayed 
(Alvino et al., 2007). 
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In addition to the main DNA damage sensors described above, chromatin 
modifications play a role in checkpoint activation and/or in the checkpoint signals 
amplification. The common DNA damage marker is a histone H2A isoform 
(H2AX) phosphorylation at serine 129 (γH2AX). The histone H2AX modification 
occurs through Mec1 and Tel1 phosphorylation and is immediately detected after 
DNA damage induction at the chromatin flanking DSB (Shroff et al., 2004). 
γH2AX contributes to DNA repair by accumulation of essential proteins at the 
site of damage in the presence of DNA damaging agents (Celeste et al., 2003; 
Downs et al., 2000). 
 
5.4.3 DNA replication block and replication fork arrest in G2/M 
The G2/M checkpoint provides a cell more time to complete DNA 
synthesis and repair potential DNA damage before mitosis. The transcription 
activation of genes involved in DNA repair requires Dun1 kinase phosphorylated 
in a Rad53-dependent manner (Allen et al., 1994). In budding yeast Rad9 is an 
essential gene for the cell cycle arrest in G2/M. In response to DNA damage Rad9 
is required for a transient cell cycle block and triggering transcription of DNA 
repair genes. DNA damage induces Rad9 phosphorylation in a Mec1/Tel1-
dependent way and phosphorylated Rad9 associates with Rad53 through its FHA 
domain (Sun et al., 1998) (Vialard et al., 1998) (Schwartz et al., 2002). In 
unperturbed conditions rad9Δ cells accumulate spontaneous chromosome loss. 
The mutants are viable but sensitive to X- and UV irradiation and defective for 
cell cycle arrest in G2/M (Weinert and Hartwell, 1990). 
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Rad9 functions with Mrc1 (Model 5), which is involved in an intra-S 
phase checkpoint response (see above). Mrc1 is present at replication forks and 
interacts with Tof1 regulatory protein (Katou et al., 2003). In response to DNA 
replication stress Mrc1 is phosphorylated by Mec1 that activates Rad53 (Osborn 
and Elledge, 2003). mrc1Δ mutants are sensitive to HU and are defective in the 
checkpoint response due to decreased Rad53 phosphorylation rate. MRC1 
mutation combined with RAD9 deletion deactivates Rad53 (Alcasabas et al., 
2001). 
 
5.5 Genome instability at chromosome fragile sites 
 Chromosome fragile sites are chromosomal regions that are particularly 
prone to form gaps or breaks on metaphase chromosomes after partial restraint of 
DNA replication. Among all chromosome fragile sites within the genome are 
present rare fragile sites (RFSs) and common fragile sites (CFSs). 
 Rare fragile sites are found in less than 5% of individuals and segregate in 
a Mendelian way. RFSs are classified into two subgroups based on the sequence 
that cause breakage: folate-senstitive, characterized by an expansion of CGG 
repeats, and folate non-sensitive that contains many AT-rich repeats (Kremer et 
al., 1991; Sutherland et al., 1998). The most important RFS is FRAXA associated 
with the fragile X syndrome that is a hereditary mental retardation. Late 
replication is a characteristic feature of rare RFSs and first was shown for the 
fragile X site in the FMR1 gene (Hansen et al., 1993). The reason of delayed 
replication termination is the capacity of CGG and AT-repeats to form secondary 
	   43	  
structures, such as hairpins, which blocks replication fork progression (Gacy et al., 
1995; Hewett et al., 1998). 
 Common fragile sites belong to the biggest class of fragile sites and their 
presence does not depend on the nucleotide repeat expansion mutations. CFSs are 
found in all individuals in a population and under unperturbed conditions most of 
them are not inclined to form spontaneous breaks. 
 Until now more than 100 CFSs have been identified and listed in the 
genome database (GDB). CFSs are not stable under conditions of replicative 
stress, such as a treatment with aphidocilin (APH), an inhibitor of DNA 
polymerase α (Glover et al., 1984). CFSs studies can help in understanding 
mechanisms and consequences of genomic instability under replication stress in 
both normal and tumour cells. 
 The instability of CFSs is due to the delay in completing DNA replication 
at those loci (Hellman et al., 2000) (Palakodeti et al., 2004). Late replication, like 
in RFSs, is a common feature in CFS that contain relatively long AT-rich 
sequences, which can be a reason for an increased fragility and extended 
replication time (Boldog et al., 1997). FRA3B exhibits delayed replication 
termination and the addition of APH results in further retardation in completing 
DNA synthesis, leaving 16.5% of unreplicated DNA at this locus in G2/M (Le 
Beau et al., 1998). As a consequence, unreplicated regions become hotspots for 
introducing metaphase chromosome gaps, breaks and chromosome 
rearrangements (Glover and Stein, 1987). Deletions and translocations at CFSs 
can affect associated genes and might lead to genes amplification. MicroRNA 
genes, involved in chromosomal alterations, are frequently located at fragile sites 
(Calin et al., 2004). Deregulation of microRNAs can be of diagnostic significance 
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for cancers. Additionally, Herpes simplex and human papillomavirus (De 
Braekeleer et al., 1992) appear to integrate within chromosomal fragile sites. 
 Instability at the CFSs is caused by stalled polymerases at those loci that 
block replication fork progression, which is exacerbated by APH treatment. It 
results in uncoupling of replicative polymerases with helicase and topoisomerase 
complexes. The continued DNA unwinding carried on by helicases leads to 
ssDNA stretches accumulation, which are prone to form secondary structures. 
Interestingly, co-treatment with topoisomerase I inhibitor, camptothecin (CPT), 
reduces APH-induced breakage (Arlt and Glover, 2010). 
 Chromosome gaps and breaks at fragile sites activate the checkpoint, 
which strongly contributes in regulating CFSs stability. In mammalian cells ATR 
transduces the checkpoint response to stalled replication forks (Casper et al., 
2002). ATR-defective cells exhibit a dramatic increase in CFSs expression, both 
with APH addition and in unperturbed conditions. 
CFSs instability is also related to the formation of DSBs at those regions 
that are repaired through DNA recombination processes. Both Rad51-dependent 
homologous recombination and nonhomologous end-joing (NHEJ), which 
involves phosphorylated DNA-PKcs, regulate fragile sites stability (Schwartz et 
al., 2005). 
Interestingly, replication fork collisions with RNA transcripts could 
contribute to CFSs formation (Mirkin and Mirkin, 2007). Under replication stress, 
on the one hand transcription promotes repair by recruiting particular factors. On 
the other hand, it increases the frequency of mutations on the nontemplate DNA 
and the process is known as transcription-associated mutation (TAM). It also 
stimulates recombination through transcription-associated recombination (TAR) 
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mechanism. Thus, transcription colliding with replication machinery strongly 
affects genome integrity that might involve CFSs stability perturbation. 
CFSs are highly conserved in mammals’ evolution (McAllister and 
Greenbaum, 1997; Ruiz-Herrera et al., 2004; Smeets and van de Klundert, 1990; 
Stone et al., 1991). This evolutionary conservation extends from higher to lower 
Eukaryotes, such as budding yeast. As described above, there are particular 
regions in Saccharomyces cerevisiae that are difficult to replicate, where 
replication forks proceed slower even in unperturbed conditions. RSZs are 
functionally analogous to CFSs due to increased DSBs formation within those 
regions in temperature sensitive mec1-4 mutants in late S and G2 phase. 
Budding yeast genome exhibits replication stress-sensitive loci. 
Restraining α DNA polymerase activity in Saccharomyces cerevisiae results in 
increased chromosome translocations and chromosome loss. The translocations 
affect retrotransposons (Ty elements) and the process is mediated by homologous 
recombination (Lemoine et al., 2005). Moreover, chromosomal regions containing 
multiple tRNA genes, known to stall replication forks, are frequent sites of 
chromosome breakage and translocations that are exacerbated under replication 
stress (Admire et al., 2006). Genome-wide studies in rad53 and mec1 mutants 
have revealed that replication forks stall and eventually collapse at specific sites 
close to the origins (Raveendranathan et al., 2006). Those regions are prone to 
chromosome breakage both in the presence or absence of replication stress. Thus, 
unstable chromosomal regions in yeast are functionally analogous to common 
fragile sites in the human genome. 
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6 Materials and Methods 
6.1 Yeast strains genotypes used 
 
Strain Genotype Source 
SY2080 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ 
H. 
Klein 
CY11007 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ ura3::URA3/GPD-TK(7X) 
This 
study 
CY10731 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ rrm3::HIS3MX6 
This 
study 
CY11008 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ rrm3::HIS3MX6 ura3::URA3/GPD-
TK(7X) 
This 
study 
CY8702 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1::GAL-URL-3HA-SEN1-KANMX6 
This 
study 
CY10300 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1-G1747D-HIS3 
G. 
Liberi 
CY11009 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1::GAL-URL-3HA-SEN1-KanMX6 
ura3::URA3/GPD-TK(7X) 
This 
study 
CY11224 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ rad51::HPH  
This 
study 
CY11893 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ rrm3::HIS3MX6 rad51::HPH 
This 
study 
CY11746 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1::GAL-URL-3HA-SEN1-KANMX6 
rad51::HPH 
This 
study 
CY10715 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1::GAL-URL-3HA-SEN1-KANMX6 
rrm3::HIS3MX6 
This 
study 
CY11010 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1::GAL-URL-3HA-SEN1-KanMX6 
rrm3::HIS3MX6 ura3::URA3/GPD-TK(7X) 
This 
study 
CY11894 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1::GAL-URL-3HA-SEN1-KANMX6 
rrm3::HIS3MX6 rad51::NAT 
This 
study 
CY10300 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+sen1-G1747D-HIS3 
G. 
Liberi 
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CY12093 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ rad9::hph ura3::URA3/GPD-TK(7X) 
This 
study 
CY12095 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ rrm3::HIS3MX6 rad9::hph 
ura3::URA3/GPD-TK(7X) 
This 
study 
CY12096 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1::GAL-URL-3HA-SEN1-KanMX6 
rad9::hph ura3::URA3/GPD-TK(7X) 
This 
study 
CY12117 Mata ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 
GAL PSI+ RAD5+ sen1::GAL-URL-3HA-SEN1-KanMX6 
rrm3::HIS3MX6 rad9::hph ura3::URA3/GPD-TK(7X) 
This 
study 
 
Table 1. Saccharomyces cerevisiae strains used in this study. 
 
6.2 Growth media and buffers composition 
 
Media for Saccharomyces cerevisiae: 
 Yeast extract    10 g 
Peptone    20 g 
H2O     up to 1000 ml 
Glucose/Galactose/Raffinose  2% final concentration 
pH     5.4 
agar (agar plates)   2% final concentration  
 
Minimum Media + YNB: 
 YNB without amino acids (Difco) 6.7 g 
Amino Acid Dropout Mix  2 g of AAs 
 Glucose/Galactose/Raffinose  2% final concentration 
 H2O     up to 1000 ml 
 agar (agar plates)   2% final concentration 
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Buffers: 
Laemmli buffer 3X: Tris 0.187 M, SDS 6%, β-Mercaptoethanol 15%, Glycine 
30%, BPB 0.003% 
SDS-PAGE running buffer 5X: Glycine 2 M, Tris 0.25 M, SDS 0.02 M, pH 8.3 
SSC 20X: NaCl 3 M, Sodium Citrate 0.3 M, pH 7.5 
TBE 10X: Tris borate 0.9 M, EDTA 0.02 M 
TBS 10X: NaCl 1.5 M, Tris 0.5 M, pH 8.0 
TAE 50X: Tris-acetate 0.04 M, EDTA 0.001 M 
TE 1X: Tris-HCl 10 mM, EDTA 1 mM, pH 7.4 
 
6.3 Yeast transformation 
The main procedure used is described by (Gietz et al., 1995). Exponentially 
growing cells are treated for 30 min with Lithium Acetate (LiAc) 0.1 M in TE 1X. 
A 50 µl aliquot, corresponding to 108 cells, is incubated at 30°C with 2-5 µg of 
PCR-amplified linear DNA cassette or 1 µg of plasmid DNA and 20 µg of ssDNA 
carrier for at least 30 min. 5 volumes of freshly prepared 40% PEG-4000 are 
added and cells are incubated for 30 min at 30°C. DMSO is added to a final 
concentration 10% of the final volume, what is followed by 15-20 minutes of 
heat-shock at 42°C. The cells are centrifuged at low speed (3000 rpm) and if they 
carry a KAN or NAT marker, they are re-suspended in YPD or YPG medium and 
subjected to 4-5 hours recovery and then plated on selective plates. 
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6.4 Genetic methods 
Genetic analyses are performed by using standard procedures for mating, diploid 
selection, sporulation and tetrad dissection. For spot assays, the strains are grown 
at equal cellular concentrations and are diluted sequentially 1:6 before being 
spotted on the specific plates. 
 
6.5 Cell cycle arrest 
There are commercially available substrates that allow blocking the cell cycle at 
the specific phases. In this thesis I used the α-Factor pheromone, that blocks the 
cells in G1, and nocodazole, which depolymerizes the microtubules and arrests 
the cells in pro-metaphase. 
α-Factor – This pheromone is produced by Saccharomyces cerevisiae “α” cells 
and by inducing mating genes expression arrests “a” cells in G1 phase. The 
growth of “a” cells is polarized towards the mating partner and cells undergo 
morphological elongation into pear-shaped “shmoos”. Exponentially growing 
cells are treated with 4 µg/ml (3 µg/ml + 1 µg/ml added after 1 hour 30 minutes) 
of the synthetic peptide α-Factor (Primm). When approximately 90% of cells 
show the shmooing phenotype, cells are centrifuged and washed with YP in order 
to wash the α-Factor away and release the cells in fresh medium. 
Nocodazole – It is an anti-neoplastic agent, which by depolymerizing 
microtubules, arrest cycling cells in G2/M phase. Nocodazole-treated cells do 
enter mitosis but cannot form metaphase spindles. Cells are arrested in G2/M 
phase by the addition of 10 µg/ml of Nocodazole (Sigma-Aldrich) dissolved in 
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DMSO. The arrest is maintained for 3 hours by re-adding 5 µg/ml of Nocodazole 
or 10 µg/ml, to maintain the arrest for a longer time. 
 
6.6 Total protein extract 
The yeast protein extraction is performed using TCA as described by (Reid and 
Schatz, 1982). 108 cells samples are collected, centrifuged at 4°C at 4000 rpm, 
washed with 1 ml of TCA 20% and transferred to a 2 ml tube. The pellet is re-
suspended in 100 µl of TCA 20% and an equal volume of glass beads (425-600 
µm, Sigma-Aldrich) is added leaving a layer of a supernatant over the beads. Cells 
are broken by continuous vortexing for 7-10 minutes. 200 µl of TCA 5% is added 
and the lysate is transferred to a new 1.5 ml tube and centrifuged for 10 minutes at 
3000 rpm at RT. The pellet is re-suspended in 100 µl of Laemmli Buffer 1X. The 
pH is neutralized with 50 µl of Tris Base 2M (the colour needs to turn from 
yellow to blue). The protein extract is boiled for at least 3 minutes and centrifuged 
for 10 minutes at 3000 rpm at RT. The supernatant is collected and the protein 
extract is subjected to SDS-PAGE analysis. 
 
6.7 Western blot procedure 
Proteins are separated by their molecular weight in the denaturing conditions 
using gel electrophoresis in polyacrylamide gels. The concentration of acrylamide 
determines the resolution of the gel. The polyacrylamide gel consists of two parts: 
running and stacking. The lower the acrylamide concentration is in the running 
part of the gel, the better the resolution of big molecular weight proteins becomes. 
The protein migration is performed in a SDS-PAGE running buffer. The 
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procedure is described by (Laemmli, 1970). Proteins with a known molecular 
weight serve as a marker. The gel with separated proteins is transferred on a 
nitrocellulose filter (Whatman Protrane, Nitrocellulose Transfer Membrane, Pore 
size 0.45 µm) O/N at 0.2 Ampere in a transfer buffer (Glycin 1%, Tris-HCl 0.02 
M, Methanol 20%). After the transfer the filter is washed with TBST 1X and 
coloured with Ponceau S staining solution (Ponceau S 1gr, acetic acid 50 ml, up 
to 1000 ml ddH2O) that enables the visualization of the total protein extract. The 
filter is washed again with TBST and then is incubated for at least 30 minutes 
with milk 4% in TBST. The primary antibody is added and incubated for 2 h at 
RT. The membrane is washed 3X for 10 minutes in TBST and the filter is 
incubated with secondary antibody for 1 hour at RT. After the hybridization the 
filter is washed again 3X for 10 minutes with TBST. Finally, the membrane is 
incubated for 5 minutes at RT with SuperSignal West Femto Chemiluminescent 
Substrate (Thermo Scientific) and the signal is developed using ChemiDoc (Bio-
Rad, Molecular Imager ChemiDoc XRS+). The antibodies used in this work are 
presented in Table 1. 
Protein Protein size 1st Antibody 2nd Antibidy 
Acrylamide 
concentration 
H2AX 14 kDa 
Anti-Histone H2A 
(phospho S129) 
antibody (ab15083) 
Rabbit polyclonal 0.1 
mg/ml, dilution used: 
1:500 
Anti-rabbit 
Goat 
polyclonal 
(Bio-rad 
#170-6515) 
IgG-HRP 
(H+L), 
1:20000 
15% Acrylamide in 
Running part of the 
gel 
Rad53p 92 kDa F9.1 Antibody 1:200 
Anti-mouse, 
Goat 
polyclonal 
(Bio-rad 
10% Acrylamide in 
Running part of the 
gel 
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#170-6516) 
IgG-HRP 
(H+L), 
1:20000 
HA-
Sen1p 
252.5 kDa 
anti-HA Mouse 
monoclonal 12CA5 
(Roche Applied 
Science) 5 mg/ml, 
dilution used: 1:1000 
Anti-mouse, 
Goat 
polyclonal 
(Bio-rad 
#170-6516) 
IgG-HRP 
(H+L), 
1:20000 
7.5% Acrylamide in 
Running part of the 
gel 
PGK1p 44.5 kDa 
Mouse monoclonal 1 
mg/ml, Invitrogen, 
dilution used: 
1:10000 
Anti-mouse, 
Goat 
polyclonal 
(Bio-rad 
#170-6516) 
IgG-HRP 
(H+L), 
1:20000 
10% Acrylamide in 
Running part of the 
gel 
 
Table 2. Antibodies used in Western blotting in this work. 
The dilutions of the primary and secondary antibodies against phosphorylated 
Serine 129 at histone H2A, phosphorylated Rad53p, HA-tagged Sen1p and 
expressed level of PGK1p (loading control) are shown in the table. Due to 
different protein sizes, adequate acrylamide concentration is used to separate the 
proteins. 
 
6.8 FACS analysis 
Approximately 107 cells are blocked with 70% Ethanol in Tris 250 mM pH 7.6. 
After 1 minute centrifugation (at the maximum speed) the cells are re-suspended 
in 500 µl of Tris 50 mM pH 7.6-solution containing 2 mg/ml of RNase A and are 
incubated at 37°C for at least 1 hour. Then, the cells are stained with Propidium 
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Iodide 50 µg/ml in 180 mM Tris-HCl pH 7.6, 190 mM NaCl, 70 mM MgCl2. A 
1:10 dilution in Tris-HCl 50 mM pH 7.6 is analysed in Becton Dickinson FACS-
calibur for FL2H fluorescence. 
 
6.9 In vivo psoralen-crosslinking 
Psoralen efficiently intercalates into the dsDNA and upon 366 nm light ultraviolet 
irradiation (UV) form covalent crosslinks between pyrimidines between two DNA 
strands. Psoralen derivatives easily penetrate living cells membranes. TMP is the 
most commonly used form of psoralen for in vivo DNA crosslinking (Wellinger 
and Sogo, 1998).  
 Cells (blocked with 0.1% Sodium Azide) subjected to 2D-gel analysis (see 
Materials and Methods 5.13) before either CTAB or Qiagen Kit genomic DNA 
extraction (see Materials and Methods 5.10 and 5.11 respectively) are treated with 
TMP. Cells are transferred to a standard Petri dish in ice, mixed with 1 ml of TMP 
(200 µg/ml Sigma-TMP dissolved in Ethanol 100%) and incubated for 5 minutes 
in darkness. The Petri dish (kept in ice) is put in the Stratalinker (with pre-warmed 
lamps) and under UV lights 366 nm the cells are irradiated 4 x for 10 minutes. 
The appropriate distance between the lamp and the sample surface has to be 
determined for each light source employed. When the psoralen-crosslinking is 
done, the cells are transferred to 50 ml Falcon tubes and washed with ice-cold 
water. 
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6.10 CTAB genomic DNA extraction 
Materials and Solutions: 
- Sodium Azide 10% stored at 4°C 
- 10 mg/ml Zymolyase, 1000 U/ml (Seikagaku BioBusiness) 
- Spheroplasting buffer: 1 M Sorbitol, 100 mM EDTA pH 8.0, 0.1% β-
mercaptoethanol, zymolyase 1mg/ ml final concentration 
- Solution I: 2% w/v CTAB, 1.4 M NaCl, 100 mM Tris-HCl pH 7.6, 25 mM 
EDTA pH 8.0 
- 10 mg/ml RNase A, DNase free (Sigma-Aldrich) 
- 20 mg/ml Proteinase K (Roche) 
- 24:1 Chloroform:Isoamyl alcohol 
- Corex glass tubes 
- Solution II: 1% w/v CTAB, 50 mM Tris-HCl pH 7.6, 10 mM EDTA 
- Solution III: 1.4 M NaCl, 10 mM Tris-HCl pH 7.6, 1 mM EDTA 
- Isopropanol 
- Cold 70% Ethanol 
- 10 mM Tris-HCl pH 8.0 
 
 
Procedure: 
1) Start from 2 X 109 cells (200 ml of a culture 1 X 107 cells/ml). 
2) Collect samples in a JA-14 Beckman tubes, block the cells with 0.1% of 
Sodium Azide (final concentration), keep at least 5 minutes in ice, 
centrifugate at 6000-8000 rpm for 5 minutes and wash with 20 ml of ice-
cold water. 
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3) Transfer cells in 50 ml Falcon tubes, re-suspend in 5 ml of spheroplasting 
buffer and incubate for 10-30 minutes at 30°C. Time of spheroplasting 
strictly depends on the sugar the cells were grown in. In galactose cells are 
smaller, cell walls are thinner and spheroplasting lasts only 10 minutes 
whereas in glucose it lasts around 20 minutes. 
4) Collect spheroplasts by centrifugation at 4000 rpm (in Falcon tubes) for 10 
minutes at 4°C. 
5) Re-suspend spheroplasts in 2 ml of cold water, add 2.5 ml of Solution I 
and 200 µl of RNase A. Vortex the suspension and incubate at 50°C for at 
least 30 minutes. 
6) Add 200 µl of Proteinase K and incubate for 1.5 hour at 50°C. Re-add 100 
µl of Proteinase K and incubate O/N at 30°C to increase the yield of 
extracted DNA. 
7) Centrifugate the solution at 4000 rpm at RT for 10 minutes to separate the 
pellet from the supernatant. Both fractions are processed as indicated 
below. 
Supernatant 
1) Transfer the supernatant into a 15 ml Falcon tube and add 2.5 ml of 
Chloroform:Isoamyl alcohol 24:1. 
2) Mix vigorously and separate the two phases by centrifugation at 4000 rpm 
for 10 minutes at RT. 
3) Carefully transfer the clear upper phase into a Corex glass tube with a 
pipette and add two volumes (10 ml) of Solution II. The prolonged 
incubation (1-2 hours) with Solution II helps DNA precipitation in the 
next step. 
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4) Centrifugate the solution at 8500 rpm for 10 minutes at RT in a Beckman 
JS 13.1 swinging bucket rotor, discard the supernatant and re-suspend the 
pellet in 2.5 ml of Solution III. 
Pellet 
1) Re-suspend the pellet in 2 ml of Solution III and incubate at least 1 hour at 
50°C. 
2) Transfer the solution into a new 15 ml Falcon tube already containing 1 ml 
of Chloroform:Isoamyl alcohol 24:1.  
3) Mix vigorously and separate the two phases by centrifugation at 4000 rpm 
for 10 minutes at RT. 
4) Carefully transfer the clear upper phase into the Corex glass tube 
containing Solution III obtained from the treatment of the supernatant (see 
Supernatant step 4). 
5) Precipitate DNA with 1 volume (4.5 ml) of isopropanol and centrifugate at 
8500 rpm for 10 minutes in a Beckman JS 13.1 swinging bucket rotor at 
RT. 
6) Wash the pellet with 1 ml of ice-cold Ethanol 70%. 
 
After centrifugation carefully remove the Ethanol with a pipette, dry the pellet and 
dissolve it in 250 ml of 10 mM Tris-HCl pH 8. Extracted genomic DNA is stored 
at 4°C. 
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6.11 Genomic DNA extraction with the Qiagen genomic Kit 
Materials and Solutions: 
Solutions Y1, G2, QBT, QC and QF are supplied with the Qiagen Kit: 
- Buffer Y1 (Yeast Lysis Buffer) 1 M Sorbitol, 100 mM EDTA, 14 mM β-
mercaptoethanol (supplemented with 500 µl/sample of zymolyase 
solution) 
- 10 mg/ml Zymolyase, 1000 U/ml (Seikagaku Biobusiness) 
- Buffer G2 (Digestion Buffer) 800 mM guanidine HCl, 30 mM Tris-HCl 
pH 8.0, 30 mM EDTA pH 8.0, 5% Tween 20, 0.5% Triton X-100 
- Buffer QBT (Equilibration Buffer) 750 mM NaCl, 50 mM MOPS pH 7.0, 
15% Isopropanol, 0.15% Triton X-100 
- Buffer QC (Wash Buffer) 1 M NaCl, 50 mM MOPS pH 7.0, 15% 
Isopropanol 
- Buffer QF (Elution Buffer) 1.25 M NaCl, 50 mM Tris-HCl pH 8.5, 15% 
Isopropanol 
- 10 mg/ml RNase A, DNase free (Sigma-Aldrich) 
- 20 mg/ml Proteinase K (Roche) 
- Isopropanol 
- Cold 70% Ethanol 
- 10 mM Tris-HCl pH 8.0 
- Corex glass tubes 
Procedure 
1) Start from 2 X 109 cells (200 ml of a culture 1 X 107 cells/ml). 
2) Collect samples in a JA-14 Beckman tubes, block the cells with 0.1% of 
Sodium Azide (final concentration), keep at least 5 minutes in ice, 
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centrifuge at 6000-8000 rpm for 5 minutes and washed with 20 ml of ice-
cold water. 
3) Transfer the cells in a 50 ml Falcon tube, re-suspend in 5 ml of Y1 buffer 
and incubate for 10-30 minutes at 30°C (spheroplasting). 
4) Collect the spheroplasts by centrifugation at 4000 rpm for 10 minutes at 
4°C. 
5) Discard supernatant and re-suspend the spheroplasts in 4 ml of G2 buffer 
(cell breaking). 
6) Add 100 µl of RNase A and incubate at least 20 minutes at 37°C. 
7) Add 200 µl of Proteinase K and incubate for 2 hours at 50°C (the lysate 
should become clear upon proteinase K treatment). To increase the yield 
of extracted DNA, re-add 100 µl of Proteinase K and incubate O/N at 
30°C. 
8) Centrifugate the lysate for 10 minutes at 4000 rpm at 4°C. 
9) Dilute the supernatant in an equal volume (4 ml) of QBT buffer. 
10)  Load the diluted supernatant on the Qiagen tip 100G-anion exchange 
column, pre-equilibrated with 4 ml of QBT buffer. 
11)  Wash twice with 7.5 ml of QC buffer. 
12)  Elute with 5 ml QF buffer in a corex glass tube. 
13)  Precipitate with 3.5 ml of isopropanol and centrifugate at 8500 rpm for 10 
minutes in a Beckman JS 13.1 swinging bucket rotor. 
14)  Wash the pellet with 1 ml of ice-cold Ethanol 70%. 
15)  Re-suspend the pellet in 250 µl of 10 mM Tris-HCl pH 8.0 and store at 
4°C. 
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6.12 Quantification of genomic preps 
Concentration of DNA and DNA:RNA genomic preps are measured by 
NanoDrop. At the wavelength of 260 nm, 1.5 µl of genomic sample is subjected 
to the concentration quantification. If DNA and DNA:RNA concentration is 
higher than 200 ng/µl and 2000 ng/µl respectively, the samples are diluted and re-
quantified. 
 
6.13 Replication intermediates analysis with two-dimensional 
agarose gel electrophoresis 
When origin of replication fires, replication forks move bidirectionally. 
The moving fork amplifies the DNA fragment until it encounters the replication 
fork arriving from the adjacent active origin. The amplified DNA fragment 
assumes distinct structures in their mass and shape. If the analysed replicated 
fragment contains a firing origin of replication, bubble-shaped structures with 
increasing mass are formed as the fork proceeds. In contrary, when a fragment is 
replicated passively, meaning that the replication fork enters the fragment either 
from its left or right extremity, a population of Y-shaped molecules with varied 
mass and shape is formed. 
 The Neutral-neutral two-dimensional agarose gel electrophoresis (2D-gel) 
technique has been widely used to analyse nascent replication intermediates at 
specific chromosomal locations by separation of branched DNA molecules 
according to their mass and shape complexity (Bell and Byers, 1983). The 
technique was further developed (Brewer and Fangman, 1987) and adapted to 
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map origins of DNA replication in the yeast genome. 2D-gels enabled to study 
replication- and recombination-related DNA structures in many organisms. 
 The principle of the method states that DNA fragments with the same 
mass differ in their shape complexity when replicated affecting their 
electrophoretic mobility. Following genomic DNA extraction that preserves 
branched molecules (see CTAB genomic DNA extraction), the DNA is digested 
with a restriction enzyme and the restriction fragments are separated by a first 
dimension gel. The conditions used during the first gel electrophoresis (low 
agarose concentration, low voltage, no ethidium bromide) minimize the 
contribution of shape of the molecules to the mobility. Subsequently, each sample 
lane is cut out and separated by the second dimension gel, where DNA runs 
orthogonally with respect to the first dimension gel. The second dimension gel is 
run in conditions to maximize the effect of the molecules’ shape complexity (high 
agarose concentration, high voltage, the presence of ethidium bromide both in the 
gel and running buffer). At the end a Southern blot followed by hybridization with 
a specific radiolabeled probed is done, detecting the fragment of interest. 
 Based on the pattern of two-dimensional electrophoretic migration of 
branched molecules, the features of replication intermediates from analysed 
fragment can be deduced. Some of them have been confirmed by electron 
microscopy (Kuzminov et al., 1997). The migration patterns of branched DNA 
structures arising during replication origin firing, replication fork progression, 
pausing, recombination and replication termination are depicted in Model 6. 
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Model 6. Schematic representation of branched DNA migration patterns in 
2D-gels. 
The direction of first- and second-dimension gel electrophoresis is indicated. 
Nonreplicating molecules are seen as a shallow arc of linears (black arc). The 
replicating molecules run above the arc. 1n spot reveals nonreplicating molecules 
at the size of analysed fragment. The replicating molecules join the arc of linears 
when the fragment is almost fully replicated (2n). Replication intermediates of the 
restriction fragment are indicated with different colours: green – bubble-shaped 
molecules arising from the replication origin firing, yellow – Y-shaped 
intermediates coming from 1n spot and state for the newly replicated arms of a 
proceeding replication fork, blue – double-Y intermediates that show the position 
of converging forks, red - 2n spike resulting from crossed strands in 
recombination events and/or replication termination intermediates indicating fork 
fusion. Yellow dot is a sign of prolonged replication fork pausing when it 
encounters a natural impediment ahead as transcribed tRNA and/or non-histone 
proteins. 
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6.14 2D-gel procedure 
After DNA extraction and DNA quantification (see Materials and Methods 
6.10 and 6.12 respectively) an aliquot of sample is digested with a restriction 
enzyme and subjected to 2D-gel electrophoresis. When firing of the origin of 
replication is studied, 8-10 µg of DNA is digested. If replication termination 
structures arising during fork fusion are investigated, 20 µg of DNA needs to be 
digested due to a very fast turnover of termination intermediates. 
 First dimension gel (20 cm wide and 25 cm long), without Ethidium 
Bromide 0.35% agarose (LOW EEO, US Biological) dissolved in TBE 1X buffer, 
is poured at 4°C. Samples and a molecular weight DNA marker (1 kb DNA ladder, 
New England Biolabs) are loaded, leaving one empty well between samples, and 
the gel is run at the constant low voltage at RT (50 V, ca. 1 V/cm) for around 24 
hours. The electrophoresis conditions vary depending on the size of the restriction 
fragment analysed. After the migration the gel is stained with 0.3 µg/ml Ethidium 
Bromide for at least 30 minutes. Slides of appropriate dimension, containing the 
linear and the replicated molecules from the fragment of interest, are cut out from 
each sample lane migrated in the first dimension gel. Subsequently, the slides are 
rotated 90°C anticlockwise with the respect to the first dimension direction and 
placed in the tray for the second dimension gel (0.3 µg /ml Ethidium Bromide 
0.9% agarose, LOW EEO, US Biological). The second dimension gel is run for 8-
10 hours at the constant high voltage at 4°C (180-250 V, ca. 3-5 V/cm) in TBE 
1X buffer containing 0.3 µg /ml Ethidium Bromide. After second dimension gel 
electrophoresis, the crosslinking which was done before DNA extraction 
(psoralen treatment) needs to be reverted for 10 minutes under UV lamps 265 nm. 
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6.15 Southern blot procedure 
Prior to blotting, second dimension gels need to be subjected to the following 
treatment: 
- Depurination, 8-10 minutes in 0.25 N HCl 
- Denaturation, 20 minutes in 0.5 M NaOH, 1.5 M NaCl 
- Neutralization, 20 minutes in 1 M AcNH4, 0.02 M NaOH 
The gel is transferred in standard Southern Blot conditions using Gene Screen 
transfer membrane (Perkin Elmer) in SSX 10X over night. Transferred DNA is 
fixed to the membrane under UV lamps 265 nm. 
 The membrane is subjected to hybridization with a specific radiolabeled 
probe. The 50-80 ng of DNA is labelled with 50 µCi of 32P dCTPs using a Prime-
a-Gene® Labeling System in which a mixture of random 
hexadeoxyribonucleotides (without dCTPs) is used to prime DNA synthesis in 
vitro from any linear double-stranded DNA template. The reaction should last at 
least 1 hour at RT. For rapid purification of labeled DNA from unincorporated 
labeled nucleotides spin-column chromatography is used (illustra MicroSpin G-50 
Columns, GE Healthcare Life Sciences). Columns are prepacked with Sephadex 
G-50 Grade pre-equilibrated in TE buffer with 0.05% Kathon CG/ICP Biocide. 
 During the radiolabelled probe preparation, the membranes with 
transferred and crosslinked DNA are incubated for at least 30 minutes in a pre-
hybridization solution 1X (Sigma-Aldrich) at 65°C in a rotating tube. The purified 
probe is boiled for 10 minutes at 100°C and immediately after added together with 
boiled ssDNA (from salmon sperm) to a pre-hybridization mix. The hybridization 
reaction should persist for at least 5 hours at 65°C. Subsequently, the filters are 
washed two times (10 minutes + 15 minutes) with 500 ml 2X SSC, 1% SDS at 
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65°C, followed by two washes (15 minutes + 15 minutes) with 500 ml 0.1X SSC, 
0.1% SDS at 42°C.  The washed membranes are air-dried and placed in an 
exposure cassette with a phosphor screen. The signal is developed (after at least 5 
hours) using Phosphoimager Molecular Storm 820. 
 
6.16 Probes 
ARS305 probe – a 3 kb BamHI (38606 bp) –NcoI (41670 bp) fragment 
containing origin of replication ARS305 (39159 – 39706 bp). 
Rest of the probes are obtained by PCR amplification using following oligos: 
TER704 probe, chromosome VII from 496097 to 497366 bp. Amplified with 
oligos: 
Fw TGTGCACATCTTGCCCATTA 
Rv GCCTCTATCACTGCAAAGTG 
TER102 probe, chromosome I from 153316 to 154434 bp. Amplified with oligos: 
Fw TCTGCGCCAAGCAAAGATTC 
Rv TTTCCTTGCGTCTGATTCGG 
TER603 probe, chromosome VI from 183324 to 184552 bp. Amplified with 
oligos: 
Fw GAATGCCCGAGCCCTAAAAA 
Rv ATGTGAGCCATCTGGAAAGG 
TER802 probe, chromosome VIII from 126307 to 127436 bp. Amplified with 
oligos: 
Fw CTGAGACAAAGTCTTTCCAG 
Rv CGAAAGCCTTCTTGACGACT 
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TER302 probe, chromosome III from 91974 to 93001 bp. Amplified with oligos: 
Fw GAAGGTTCAACATCAATTGATTGATTCTGCCGCCATGATC 
Rv GCTTCCCTAGAACCTTCTTATGTTTTACATGCGCTGGGTA 
 
 
6.17 GIP with BrdU incorporation 
Grow the cells O/N at 23°C in 200 ml –URA medium up to 1x107 cells/ml. 
1st Day 
1) Synchronize the cells in 200 ml YPDA medium with α-Factor at 23° C. 
The synchronization is done in YPD or YPG medium. 
2) As soon as the synchronization is reached, add BrdU 200 µg/ml 20 min 
before the release. The maximum solubility of BrdU in water is reached at 
10mg/ml. 
3) Release cells from G1 arrest into YPDA medium containing BrdU 200 
µg/ml. 
4) Block the cells (200 ml) with 0.1% of Sodium Azide (final concentration) 
and keep on ice for at least 5 minutes. 
5) Centrifuge the culture using the Beckman centrifuge and the JA-14 rotor: 
5000 rpm, 5 minutes at 4°C. Discard the supernatant. 
6) Re-suspend the pellet in 20 ml of cold and sterilized 1X TE. 
7) Centrifuge the culture at 3220 x g, 5 minutes at 4°C, discard the 
supernatant and carefully remove the remaining liquid with a vacuum 
pump. At this point the dried pellet can be stored at -20° C. 
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8) Extract the DNA with QIAGEN GENOMIC DNA ISOLATION KIT (Cat. 
No. 19060). Re-suspend the DNA in 250 µl of 1X TE pH 8. 
Protein A Magnetic Beads preparation: 
FOR EACH 200 ml OF CULTURE: 
1) Take 20 µl of dynabeads (Invitrogen) for each IP and put in a Costar 
prelubricated tube. 
2) Wash the beads two times with 1ml of 1X PBS, 5 mg/ml BSA, 0.1% 
Tween20. 
3) Re-suspend the beads in 20 µl of 1X PBS, 5mg/ml BSA, 0.1% Tween20; 
add 4 µg of anti-BrdU antibody (MBL M1-11-3). 
4) Incubate the beads O/N at 4°C rotating. 
2nd Day 
1) Shear the BrdU containing DNA by sonication to a length of 200-1000 bp 
using the Bandelin UW2070 sonicator. You can use the following 
parameters: 
• Power 20% 
• 20 seconds/pulse 
• 6 pulses 
After each sonication cycle, pellet the chromatin by centrifuging it at 2300 x g 
for 1 minute at 4°. 
2) Quantify the DNA. The average amount of genomic DNA should range 
from 50 to 200 ng/µl. 
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3) Centrifuge for 5 minutes at 3000 rpm at 4°C. 
4) Wash the antibody-beads complex two times with 1 ml of 1X PBS, 
5mg/mL BSA, 0.1% Tween20. 
5) Re-suspend the antibody-beads complex in 20 µl of 1X PBS, 5mg/ml 
BSA, 0.1% Tween20. 
6) Divide the antibody-beads complex into two Costar prelubricated tubes, 
10 µl per tube. 
7) Denaturate the DNA at 100°C for 10 minutes and immediately after put on 
ice. 
8) Add rapidly to each tube: 100 µl of ice-cold 2X PBS and 200 µl of ice-
cold 1X PBS, 2% BSA, 0.2% Tween20. 
9) Add the DNA solution from each tube to the 10 µl of antibody-beads 
complex and incubate O/N at 4°C rotating. 
3rd Day 
1) Place beads-containing tubes in a magnetic grid. Wait until the beads 
attach to the magnet leaving a clear supernatant.  
2) Collect 2.5 µl + 2.5 µl of supernatant from each precipitation tube and put 
into a new eppendorf tube with 45 µl of ELUTION BUFFER 1X: 50 mM 
Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS (SUP fraction); keep at RT. 
3) Wash the beads as follows: 
• 2X with 1ml of ice-cold ChIP Lysis buffer: 50 mM Hepes-KOH pH 
7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Sodium 
deoxycholate 
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• 2X with 1 ml of ice-cold ChIP Lysis buffer +500 mM NaCl 
• 2X with 1 ml of ice-cold ChIP Washing buffer: 10 mM Tris-HCl pH 
8.0, 250 mM LiCl, 0.5% NP-40, 0.5% Sodium deoxycholate, 1mM 
EDTA 
• 1X with 1ml of ice-cold 1X TE pH 8.0 
4) Place the tubes with beads on the magnetic grid. Remove the 1X TE with a 
micropipette to avoid beads aspiration. Centrifuge 3 minutes at 800 x g at 
4°C. Place the tubes back in the magnetic grid and thoroughly remove the 
remaining liquid with a vacuum pump. 
5) Re-suspend the beads in 50 µl of ChIP Elution buffer (50 mM Tris-HCl 
pH 8.0, 10 mM EDTA, 1% SDS); incubate at 65°C for 10 minutes mixing 
3 times during the incubation. 
6) Centrifuge 1 minute at 16000 x g at RT.  
7) Place the tubes back in the magnetic grid and transfer the eluted material 
into the new tubes. 
8) Add to the IP and to the SUP: 49 µl of 1X TE, 1 µl of Proteinase K (Stock 
50 mg/mL). 
The final concentration of Proteinase K is 0.5 mg/ml. 
9) Mix, without vortexing, and incubate at 37°C for 1hour. 
10)  Purify DNA by Qiagen PCR purification Kit. Elute with 50 µl of EB 
buffer. 
11)  Pool two identical IP samples together and precipitate the DNA by adding 
5 µl of 3 M Sodium Acetate, 1µl glycogen to the IP samples and 2.5 µl of 
3 M Sodium Acetate, 0.5 µl glycogen to the SUP samples. 
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12)  Add 2.5 volumes of cold 100% ethanol: 265 µl to the IP samples and 
132.5 µl to the SUP samples. 
13)  Incubate at -20 °C for at least 20 minutes or O/N. 
14)  Centrifuge at ≥ 13400 x g for 10 minutes at 4 °C. 
15)  Discard the supernatant using a Gilson pipette and wash with 0.5 ml of 
ice-cold 70% Ethanol. 
16)  Centrifuge at ≥ 13400 x g for 10 minutes at 4° C. 
17)  Discard the supernatant using a Gilson pipette and spin again; discard the 
remaining Ethanol with a gel-loading tip. 
18)  Leave for 5 minutes at 37° C. Re-suspend the pellet in 10 µl of ddH20 . 
19)  Vortex and pulse-spin for three times to recover the precipitate. 
20)  Proceed with WGA (Whole Genome Amplification). 
 
Whole Genome amplification 
Use WGA2 GenomePlex Complete Genome Amplification (WGA) Kit. Follow 
manufacturer’s instructions from the Library Preparation step on: 
• Add 2 µl of 1X Library preparation Buffer to each sample. 
• Add 1 µl of Library stabilization solution. 
• Vortex thoroughly, consolidate by centrifugation and place in thermal 
cycler at 95° C for 2 minutes. 
• Cool the sample on ice. Consolidate the sample by centrifugation and 
return to ice. 
• Add 1 µl Library Preparation Enzyme, vortex thoroughly and centrifuge 
briefly. 
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• Place the sample in a thermal cycler and incubate as follows:  
  16° C for 20 minutes 
 24° C for 20 minutes 
 37° C for 20 minutes 
 75° C for 5 minutes 
 4° C hold 
• Remove the samples from the thermal cycler and centrifuge briefly. 
Samples may be amplified immediately or stored at -20° C for 3 days. 
 
Amplification step: 
A master mix may be prepared by adding the following reagents: 
 
• Nuclease-free water:    48.5 µl 
• 10X Amplification Master Mix:  7.5 µl 
• Reaction from Library Preparation step: 14.0 µl 
• WGA DNA Polymerase:   5.0 µl 
 
Vortex thoroughly, centrifuge briefly, and begin thermocycling: 
 Initial Denaturation: 95° C for 3 minutes 
 Perform 14 cycles as follows: 
 Denature: 94° C for 15 seconds 
 Anneal/Extend: 65° C for 5 minutes 
When the cycling is complete, maintain the reactions at 4° C or store at -20° C. 
After WGA: 
1) Pulse-spin the samples. 
	   71	  
2) Check the amplified DNA by loading a 1.9 µl aliquot of the reaction in a 
1.2% agarose gel. A smear ranging from 100-1000 bp should be observed.  
3) Purify the IP/SUP DNA using a PCR purification kit (Qiagen) following 
the manufacturer’s instructions. Elute the DNA with 50 µl of EB buffer.  
4) Precipitate the DNA by adding 2.5 µl of 3 M Sodium Acetate, 1 µl of 
glycogen (20 mg/ml) and 133.75 µl of ice-cold 100% Ethanol.  
5) Vortex and incubate at -20 °C for at least 20 minutes or O/N. The duration 
of precipitation steps at -20°C can be extended without a decrease in the 
DNA yield. 
6) Centrifuge at ≥ 13400 x g for 10 minutes at 4 °C. 
7) Discard the supernatant using a Gilson pipette and wash with 1 ml of ice- 
cold 75% Ethanol. 
8) Centrifuge at ≥ 13400 x g for 10 minutes at 4 °C. 
9) Discard the supernatant using a Gilson pipette and spin again; discard the 
remaining ethanol with a gel-loading tip. 
10) Let the pellet dry, re-suspend in 42 µl of H2O (1.5 µl should be used for 
NanoDrop measure) 
11) Measure DNA concentration by spectrometry at 260 nm. (NanoDrop). The 
DNA concentration after WGA amplification should be in between of 50 
ng/µl and 100 ng/µl (linear phase of amplification). If the concentration of 
the sample is lower, the purified sample can be further amplified by 
performing 2 additional cycles of the amplification reaction. Performing 
more than 2 cycles may lead to non-specific material amplification. 
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DNAse digestion 
Short DNAse incubation is performed to reduce the size of amplified DNA and 
increase its suitability for the hybridization on the array. 
 
1) Prepare DNAse reaction mix (for 13 samples): 
• ddH2O 14.8 µl  
• 10X One-Phor-All-Buffer plus 2 µl 
• 25mM CoCl2  1.2 µl  
• DNAse I (1U/ml) 2 µl 
2) Prepare the following reaction mix: 
• 10X One-Phor-All-Buffer plus 4.85 µl 
(100 mM Tris-Acetate pH 7.5, 100 mM Mg(C2H3O2)2, 500 mM 
KC2H3O2) 
• 25mM CoCl2  2.9 µl 
• DNAse I reaction mix 1.5 µl 
• DNA + ddH2O (IP/SUP) samples 40.75 µl 
3) Vortex and pulse-spin to pack the sample. 
4) Incubate at 37° C for 30’’ and then transfer to 95°C for 15’ 
(Thermocycler). 
 
DNA labeling 1) Spin to pack the sample 2) Transfer DNA into a new 1.5 ml-microcentrifuge tube. 3) Add: 
5 µl of TdT reaction buffer 
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1 µl Biotin-N11-ddATP (1 nM/ml) 
1 µl of TdT (400 U/ml)  4) Vortex and Pulse-spin to recover the sample. 5) Incubate at 37° C for 1 hour. 
 
Hybridization, washing, staining and scanning of chips 
Hybridization, washing, chip staining and scanning, as well as discrimination 
analysis, are performed as described by the manufacture’s instructions 
(Affymetrix http://www.affymetrix.com/). 
 
6.18 GIP with DNA:RNA hybrids precipitation Before	  GIP	  procedure:	  
	  Protein	  A	  or	  Protein	  G	  Magnetic	  beads	  preparation:	  
• Transfer 20 µl of magnetic beads in a 1.7-ml prelubricated tube. 
• Place the tube in a magnetic grid and aspirate the supernatant with a 
vacuum pump. 
• Wash the beads twice as follows: re-suspend the magnetic beads in 0.5 ml 
of ice cold PBS/BSA by removing the tube from the magnetic grid and 
gently shaking. 
• Place the tube back in the magnetic grid, wait until the beads attach to the 
magnet leaving a clear solution and aspirate the supernatant with a vacuum 
pump. 
• Add 7.5 μg	  of  S9.6 antibody.  Incubate with rotation overnight at 4˚C. 
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Immediately	   before	   use,	   remove	   the	   antibody	   containing	   solution;	   wash	  twice	  with	  ice-­‐cold	  PBS/BSA	  and	  proceed	  with	  GIP.	  	  
GIP with DNA:RNA hybrids precipitation procedure: 
1) Extract the DNA with QIAGEN GENOMIC DNA ISOLATION KIT (Cat. 
No. 19060) without RNase A treatment. Re-suspend each sample in 300 µl 
of 1X TE pH 8. 
2) Shear the BrdU containing DNA by sonication to a length of 200-1000 bp 
using the Bandelin UW2070 sonicator. You can use the following 
parameters: 
• Power 20% 
• 20 seconds/pulse 
• 6 pulses 
3) Precipitate 300 µg of the genomic material in a prelubricated eppendorf 
tube wit Na Acetate, glycogen and ice-cold Ethanol 100% (see 5.17). 
Precipitate at -20°C O/N. 
4) Wash the precipitate with Ethanol 70% and re-suspend in 50 µl of ddH2O. 
To re-suspend: vortex and centrifuge at 11600 x g for 1 minute, 3 times. 
5) Add 400 µl of FA-1 buffer (0.1% SDS, 1% Triton X100, 10 mM HEPES 
pH 7.5, 0.1% Na Deoxycholate, 275 mM NaCl; filter), mix. 
6) Add 20 µl of washed beads with S9.6 antibody bound. Leave the reaction 
for 90 minutes at 4°C. 
7) Collect 200 µl of IP SUPERNATANT (SUP) in an Eppendorf tube. Leave 
on ice. 
8) Wash the beads as follows (see 5-17): 
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• 2X with 1ml of ice-cold ChIP Lysis buffer 
• 2X with 1 ml of ice-cold ChIP Lysis buffer +500 mM NaCl 
• 2X with 1 ml of ice-cold ChIP Washing buffer 
• 1X with 1ml of ice-cold 1X TE pH 8.0 
9) Remove the TE with a micropipette in order to avoid beads aspiration. 
Centrifuge the beads at 800 x g for 3 minutes at 4°C. Place the tubes on 
the magnet and thoroughly remove the remaining liquid with the vacuum 
pump. 
10) Elute the beads with 50 µl of ChIP Elution buffer (see 5.17). Re-suspend 
the beads by pipetting up and down. Incubate for 10 minutes at 65°C 
mixing. 
11) Centrifuge the tubes for 1 minute at 16000 x g at RT. Move the eluate in a 
new Eppendorf tube. 
12) In a new Eppendorf tube, add 5 µl of IP SUPERNATANT from #7 to 45 
µl of ChIP Elution buffer. 
13) Add to both the IP and SUP tubes 49 µl of TE 1X pH 8.0 and 1 µl of 
Proteinase K (Proteinase K stock: 50 mg/ml in 50% glycerol). Mix 
without vortexing. 
14) Leave for 2 hours at 37°C without mixing. 
15) Purify the IP/SUP DNA using a PCR purification kit (Qiagen) following 
the manufacturer’s instructions. Elute the DNA with 50 µl of EB buffer.  
16) To both the IP and SUP tubes add 50 µl of EB buffer (up to 100 µl). 
Precipitate with Na Acetate, glycogen and ice-cold Ethanol 100%. 
Precipitate at -20°C O/N. 
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17) Wash the precipitate with ice-cold Ethanol 70% and re-suspend in 29 µl of 
TE 1X + 1 µl of RNase A (stock: 10 mg/ml). Leave the samples for 1 hour 
at 37°C. To re-suspend: vortex and centrifuge at 11600 x g for 1 minute, 3 
times. 
18) Add to both the IP and SUP tubes 70 µl of TE 1X. Purify using Qiagen 
columns using standard protocol. Elute with 50 µl of EB buffer and add 50 
µl of EB buffer up to 100 µl. Precipitate with Na Acetate, glycogen and 
ice-cold Ethanol 100%. Precipitate at -20°C O/N. 
19) Wash the precipitate with ice-cold Ethanol 70% and re-suspend in 10 µl of 
ddH2O. To re-suspend: vortex and centrifuge at 11600 x g for 1 minute, 3 
times. 
20) Continue with WGA protocol (see 6.16). 
 
6.19 GIP analyses and statistical methods 
Data from all GIP experiments were analyzed using a modified version of 
the Tiling Array Suite software (TAS) from Affymetrix. Clusters from TAS data 
were identified as ranges within the chromosome respecting the following 
conditions: i) estimated signal (IP/SUP binding ratio) positive in the whole range; 
ii) change P-value of the Wilcoxon signed rank test < 0.2 in the whole range, 
except for segments within the range shorter than 600 bp; iii) size of the region at 
least 600bp. The peak of each cluster has been defined as the genomic position 
within the cluster with the highest estimated signal. 
Evaluation of the significance of the presence of BrdU and S9.6 antibody 
binding peaks were performed by confrontation against a null hypothesis model 
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generated with a Montecarlo-like simulation. For each data set (binding clusters 
of a specific protein or set of pausing elements), 1000 randomizations of the 
positions of the features were produced, maintaining unchanged the number and 
size of the genomic areas covered within each chromosome; the number of peaks 
and features with random positions within the TERs was then counted and taken 
as score for each iteration. The distribution of these random scores was validated 
to be approximately normal (jSkewj < 0.25 and jKurtosis excessj < 0.25), and 
then the average and standard deviation for this distribution were taken as null 
hypothesis. 
 The increase or decrease ratios for the scores of the actual positions with 
respect to the expected value for the null hypothesis (defined as the average score 
of random attempts) was then calculated, and the p values for the drift were 
estimated as Standard Normal CDF of actual_meanj deviation . 
 
6.20 PFGE procedure 
Pulse Field Gel Electrophoresis (PFGE) is a technique that enables the 
resolution of DNA molecules up to several million base pairs in length (Birren et 
al., 1989; Lai et al., 1989). 
 
Solutions: 
• 1% Pulse Field Certified Agarose (PFCA), BIO-RAD #162-0137 
• SCE Solution: 1 M Sorbitol, 0.1 M Sodium Citrate, 0.06 M EDTA pH 8.0 
• Solution I: SCE, 0.2% β-mercaptoethanol, 1 mg/ml Zymolyase (100 U/ml) 
• Solution II: 0.5 M EDTA pH 8.0, 0.1% Sarkosyl, 1 mg/ml Proteinase K 
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Preparation of the DNA plugs: 
1. Melt 1% PFCA and store in a both at 50°C. 
2. Re-suspend the cells in Solution I (50 µl for each plug). 
3. Add an equal volume of 50°C molten PFCA and mix with a pipette.  
4. Fill plug-cast (BIOR-RAD) with cell/agarose mix (approximately 90 µl 
per plug). 
5. Leave the cast for 20 minutes at RT and 10 minutes at 4°C. 
6. Eject the plugs in a 50 ml Falcon tube and cover them with Solution I (~ 
0.5 ml for plug. 
7. Leave at 37°C for 1 hour. 
8. Gently remove Solution I and wash the plugs with an abundant volume of 
0.5 M EDTA pH 8.0. 
9. Re-suspend the plugs with Solution II (0.5 ml/plug) and incubate O/N at 
37°C. 
10. Discard the Solution II and wash 3 times with an abundant volume of 1X 
TE pH 8.0. 
11. Transfer the plugs in a new 50 ml falcon tube and wash for 2 hours with 
1X TE pH 8.0 on a rotating wheel. 
12. Transfer the plugs that you do not analyse in a 50 ml falcon tube and cover 
them with 1X TE pH 8.0. The plugs can be stored indefinitely at 4°C. 
13. Transfer the plugs that you wish to analyse in an Eppendorf tube and 
equilibrate them for 1 hour in the running buffer of the gel (0.5 X TBE) on 
a rotating wheel. 
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Electrophoresis is performed on a 1% pulse field agarose gel for 16 hours at 200 
V with 60 sec pulses followed by 90 sec pulses in 0.5 X TBE at 14°C (Gene 
Navigator System, Amersham). 
The gel is then coloured with 0.3 µg /ml Ethidium Bromide for 30 min and then 
subjected to Southern blot. The membrane is then hybridized with a radiolabeled 
probe against specific region on the chromosome. 
 
6.21 DAPI staining 
Procedure: 
1) Mix cells (~1 ml of 1 X 107 cells) by vigorous vortexing. 
2) Spin cells down in micro-centrifuge. 
3) Wash in 1X PBS. 
4) Fix with Ethanol 70% for 20 minutes at RT. 
5) Wash in 1X PBS. 
6) Add DAPI (1mg/ml) 1:1000 dilution and leave 12 minutes at RT. 
7) Wash in 1X PBS. 
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7 Results 
7.1 sen1 rrm3 synthetic lethality 
The Rrm3 helicase facilitates replication fork progression across tRNA but 
not over ORFs of highly transcribed RNAPII genes (Azvolinsky et al., 2009). 
Moreover, Rrm3 promotes fork movement across termination sites (TERs). The 
vast majority of TERs contain transcribed mRNA, but also tRNA, CEN, Ty and 
LTRs as pausing elements (Fachinetti et al., 2010). RRM3 ablated cells, in 
combination with certain mutations affecting a variety of DNA metabolic 
processes (homologous recombination, telomere maintenance, DNA damage 
response, DNA repair, G-quadruplexes unwinding), are not viable (Figure 1). We 
presumed that in certain double mutant combinations replication fork progression 
across TERs is perturbed and fork fusion does not occur at the very last step of 
termination.  
 
Figure 1. rrm3 synthetic lethality with certain altered in metabolic processes 
factors.  
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The synthetic lethal interactions between rrm3 and other ablated genes. The data 
comes from http://thebiogrid.org.  
 
Replication fork progression across RNAPII-transcribed genes is 
promoted by the Sen1/Senataxin DNA:RNA helicase and Sen1 replication related 
function is independent from its role in RNA processing (Alzu et al., 2012). Alike 
Rrm3, Sen1 is associated and travels with replication forks. Since Sen1 exhibits 
synthetic lethal interactions with several mutant genes, which are also synthetic 
lethal with rrm3, we tested the interaction between sen1-1 and rrm3 (Figure 2A). 
Temperature sensitive sen1-1 strain, which is not viable at 37°C, bears an 
aminoacidic substitution in the essential helicase domain (DeMarini et al., 1992). 
Two parental haploid strains, carrying the sen1-1 and rrm3 mutations, were 
crossed and then a heterozygous diploid was subjected to sporulation and tetrad 
dissection. Spores were grown at semi-permissive temperature, 30°C, at which 
sen1-1 single mutant spores are still viable. Conversely, we found that the double 
mutants are unviable. (Figure 2B). This observation drove us to investigate both 
Rrm3 and Sen1 helicases in terms of DNA replication termination. 
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Figure 2. sen1-1 synthetic lethality. 
(A) sen1-1 synthetic lethality with specific mutations (Alzu et al., 2012). 
(B) sen1-1 rrm3 synthetic lethality. Tetrads obtained from the sporulation of the 
heterozygous diploid, sen1-1 rrm3, were grown at 30°C. White circles indicate 
double mutant spores. 
 
7.1.1 Construction of a GAL-URL-3HA-SEN1 conditional system 
We did not use temperature sensitive sen1-1 strain because turnover of 
termination replication intermediates at 37°C is very fast. Thus, all the 
experiments were performed with GAL-URL-3HA-SEN1 conditional system with 
deleted RRM3 gene. Because SEN1 deletion causes lethality, the Sen1 depletion 
was achieved by fusing the ORF of SEN1 to a ubiquitin-arginine-lacZ fusion 
(URL-SEN1) (Bachmair et al., 1986; Visintin et al., 2008) under the control of 
GAL1-10 promoter. The kanmx4 marker gene confers resistance of the strain to 
G418 drug and 3HA tag allows following Sen1p expression. In this GAL-URL-
3HA-SEN1 conditional system (Figure 3) Sen1 can be rapidly depleted in glucose 
medium. 
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Figure 3. The scheme of the GAL-URL-3HA-SEN1 conditional system. 
Cells grown in medium supplemented with 2 % Gal are viable due to Sen1p 
expression. Switching the medium to 2% Glu depletes Sen1 through its protein’s 
N-terminal amino acid modification. 
 
The efficiency of depleting Sen1 was analysed by Western-blot (Figure 4A). 
3HA-tagged Sen1 is depleted already at 30-minute after changing the medium to 
YPD. Serial dilutions on YPD plates of both GAL-URL-3HA-SEN1 and GAL-
URL-3HA-SEN1 rrm3 show that both the single and the double mutants were not 
viable (Figure 4B). 
 
 
 
 
Figure 4. Efficiency of Sen1 depletion. 
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(A) GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were grown 
exponentially at 25°C (log) in YPG, synchronized with α-factor in G1 in YPG and 
released in YPD at 25°C. Indicated time points were collected to assess Sen1p 
levels by Western-blot. 
(B) Serial dilutions of WT, rrm3, GAL-URL-3HA-SEN1, GAL-URL-3HA-SEN1 
rrm3 in YPG and YPD. The experiment was done at 25°C.	  	  
 
7.2 Cell cycle progression in Sen1- and Rrm3- depleted cells is 
blocked in G2/M 
Sen1 depletion in rrm3 mutants arrested the vast majority of cells in the 
first cell cycle. Cells depleted of Sen1 and Rrm3 completed S phase and 
approximately 80 % of double mutant cells were arrested in G2/M, while 20 % re-
entered the next cell cycle (Figure 5).  The subpopulation of Sen1- and Rrm3- 
depleted cells that exit mitosis was arrested in the next G2/M phase (data not 
shown). In contrary, WT, rrm3 and Sen1- depleted cells kept cycling. 
 
 
Figure 5. Cell cycle progression analyses in WT, rrm3, GAL-URL-3HA-SEN1 
and GAL-URL-3HA-SEN1 rrm3 cells. 
Cells were grown in YPG medium at 25°C, arrested with α-factor and released in 
YPD at 25°C. Samples were collected at the indicated time points for FACS 
analysis. 
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7.3 Defects in nuclei division in Sen1- and Rrm3- depleted cells 
In Saccharomyces cerevisiae, bud emerges when DNA starts being 
replicated. Along with the S phase the bud is growing. When DNA replication is 
completed, cells can enter the G2 phase. Before anaphase and nuclear segregation, 
the nucleus is localized at the neck of the emerging bud. The entrance into mitosis 
results in the formation of elongated and bipolar nucleus. At the end, cytokinesis 
generates two unbudded cells. 
We aimed to investigate whether Sen1- and Rrm3- depleted cells show 
defects in nucleus division. For this purpose we analysed WT and GAL-URL-
3HA-SEN1 rrm3 cells, at 240-minute from the release into S phase in YPD, by 
DAPI staining. Sen1- and Rrm3- deficient cells were arrested in G2/M, whereas 
WT cells kept cycling (Figure 6A). Both brightfield and fluorescent images are 
presented in WT and GAL-URL-3HA-SEN1 rrm3 cells (Figure 6B). In 80% of the 
double mutant cells we observed the lack of division of the nucleus, which 
remained at the neck of the emerging bud. The nuclear division defect indicates 
that in the absence of Sen1 and Rrm3 helicases the cell cycle stops before 
anaphase. 
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Figure 6. Nuclei division defects in GAL-URL-3HA-SEN1 rrm3 cells. 
WT and GAL-URL-3HA-SEN1 rrm3 cells were grown exponentially at 25°C (log) 
in YPG, synchronized with α-factor in G1 in YPG and released in YPD at 25°C. 
(A) Indicated time points were collected for FACS analysis. 
(B) Cells from 240-minute time point were fixed with 70% Ethanol, stained with 
DAPI and visualized by taking brightfield and fluorescent images. White arrows 
indicate cells with nucleus at the budding neck. 500 cells were counted. 
 
	   87	  
7.4 Replicated DNA in GAL-URL-3HA-SEN1 rrm3 cells is 
topologically altered  
The PFGE techinique enables to detect the chromosome breakage and 
entangling due to the topological problems. We aimed to investigate the 
replicating chromosomal DNA in WT, rrm3, GAL-URL-3HA-SEN1 and GAL-
URL-3HA-SEN1 rrm3 cells by arresting the cultures in G1 and releasing in S 
phase in the presence of nocodazole to prevent the cells to enter the next cell cycle 
(Figure 7A). WT and both single mutants, rrm3 and GAL-URL-3HA-SEN1, 
almost completed DNA replication within 180-minute from the release. 
Approximately 8% of the total DNA in all these strains remained in the well due 
to the topological entangling (Figure 7B and 7C). At 240-minute the replication 
was fully completed (~4% of DNA trapped in the well). Conversely, 46% and 
25% of the GAL-URL-3HA-SEN1 rrm3 chromosomal DNA remained entangled 
and still trapped within the well at 180 and 240 minute, respectively. Thus, most 
probably, the absence of both Sen1 and Rrm3 helicases alter the topological state 
of replicated DNA, generating entangled chromosomes. 
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Figure 7. GAL-URL-3HA-SEN1 rrm3 cells accumulate branched molecules in 
G2/M arrested cells.  
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown exponentially at 25°C (log) in YPG, synchronized with α-factor in G1 in 
YPG and released in YPD at 25°C in the presence of nocodazole. 
(A) Indicated time points were collected for FACS analysis. 
(B) Genomic DNA was extracted in agarose plugs at the indicated time points. 
Yeast chromosomes were separated by PFGE and analysed by Southern blot 
followed by radiolabelling with ARS305 probe. M indicates the chromosome 
marker. 
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(C) Percentage of the total chromosomal DNA subjected to PFGE trapped within 
the well at G1, 60’, 120’, 180’ and 240’. Quantification was done by using 
ImageQuant Software. 
 
7.5 Origin firing is not affected in GAL-URL-3HA-SEN1 rrm3 cells 
Duplication of eukaryotic chromosomes proceeds bidirectionally from 
active origins. Both chromosomal context and chromatin structure affect origin 
activity. The 2D-gel technique was developed to study replication intermediates 
(RIs) (Brewer and Fangman, 1987) and was used to map and characterize 
replication origins (Brewer and Fangman, 1988). As DNA replication continues, a 
sample of isolated DNA from exponentially growing cells contains RIs ranging 
from the linear non-replicative forms (1 N) to DNA molecules almost replicated. 
The migration of RIs in an agarose gel is determined by the electrophoretic 
conditions (agarose concentration, the presence of intercalating agents, the voltage 
etc.) and the size and the shape of the molecule. 
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Figure 8. No delay in firing of the early replication origin in GAL-URL-3HA-
SEN1 rrm3 cells. 
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown exponentially at 25°C (log) in YPG, synchronized with α-factor in G1 in 
YPG and released in YPD at 25°C. 
(A) Indicated time points were collected for FACS analysis. 
 
(B) Genomic DNA was psoralen-crosslinked and extracted by CTAB technique at 
the indicated time points. 8 µg of DNA was digested with NcoI enzyme, analysed 
by 2D-gels, Southern-blotted and labelled with ARS305 radioactive probe. The 
schematic representation of the digestion strategy and probe localization is 
depicted above the 2D-gels. 
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ARS305 is an active origin of replication that fires early in S phase in more 
than 90% of the population of the cells (Newlon et al., 1993). It is located 40 kbp 
from the left end on chromosome III. We monitored the origin firing in WT, rrm3, 
GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells pre-synchronized in 
G1 and released into S phase (Figure 8A). As noticed by the appearance of the 
bubble arc, in all analysed strains replication origin fires at 20-minute and the 
replication forks move bidirectionally from ARS305 locus (Figure 8B). At 40-
minute time point replication bubbles are still detectable, but the signal is less 
strong due to moving replication forks that invade the relative flanking regions. 
We did not observe differences between the analysed strains at the level of origin 
firing or replication intermediates. Hence, Sen1 and Rrm3 depletion does not alter 
the timing of replication initiation. 
 
7.6 Impaired DNA replication termination in GAL-URL-3HA-
SEN1 rrm3 cells 
 Using Neutral/Neutral 2D-gel technique we aimed to monitor replication 
termination events in Sen1- and Rrm3- depleted cells at previously characterized 
termination zones: TER102, TER603, TER802, TER303 (data not shown) and 
TER704 (data not shown) (Fachinetti et al., 2010). The visualization of replication 
intermediates is hampered due to the fast turnover of termination intermediates 
and replication fork velocity. Thus, all 2D-gel experiments were coupled with 
chromatin psoralen-crosslinking and DNA extraction was performed using a 
CTAB method, which increases the yield of extracted DNA.  
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 TER102 and TER802 are termination zones that contain a head-on Pol II-
non-highly and highly transcribed gene, respectively, which slows a replication 
fork independently of Rrm3 helicase (Azvolinsky et al., 2009). While WT cells 
accumulate at both TER102 and TER802 a cone signal due to random termination, 
rrm3 cells accumulate X-shaped molecules that result from the impaired fusion of 
merging forks. In WT cells the conversion of Xs into linear molecules is very fast, 
thus the spike is not observed (Fachinetti et al., 2010). 
 TER603 and TER303 contain a head-on Pol III-transcribed gene 
(Fachinetti et al., 2010). At these termination zones, WT accumulates a pausing 
signal on the Y-arc and termination intermediates (above the arc). In rrm3 cells 
the intensity of the spot on the Y-arc is increased and other spot in the descending 
arm of the arc is detectable due to Rrm3 role in facilitating fork progression even 
at codirectionally transcribed Pol III genes with replication fork (Fachinetti et al., 
2010). In the middle of the spike an asymmetric X-spot accumulates due to 
termination at tRNA site.  
Replication termination occurs in early S phase in all the TERs mentioned 
above, thus the experimental conditions to detect termination structures were 
identical. All 2D-gel experiments were done using four strains: WT, rrm3, GAL-
URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3, pre-synchronized in G1 and 
then released into S phase (Figure 9A).  
WT and Sen1- depleted cells do not show any defects in replication fork 
progression across TERs and replication termination intermediates resolution 
(Figure 9B, C, D). The DNA replication termination in GAL-URL-3HA-SEN1 
rrm3 mutants is impaired due to the accumulation of X-structures at TER102 and 
TER802 and pausing signals at TER603. However, we failed to observe 
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synergistic defects in the double mutants compared to rrm3 at TER102, TER802 
and TER603 (Figure 9B, C, D). We obtained analogous results at TER303 and at 
centromere-dependent termination zone TER704 (data not shown). 
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Figure 9. Both Sen1 and Rrm3 helicases are required for appropriate 
replication fork progression across TERs. 
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown exponentially at 25°C (log) in YPG, synchronized with α-factor in G1 in 
YPG and released in YPD at 25°C. White arrows indicate X-shaped molecules, 1 
– pausing from left coming fork, 2 – pausing from right coming fork, 3 – 
asymmetric X-spot. 
(A) Cell cycle progression followed by FACS analysis. 
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(B-D) Replication termination intermediates analysed by 2D-gel technique. 
Genomic DNA was psoralen-crosslinked and extracted by CTAB technique at the 
indicated time points. 20 µg of DNA was digested to increase the chance to 
visualize replication intermediates, subjected to 2D-gel procedure, Southern 
blotted and radiolabelled with a specific to each termination zone probe. The 
schematic representations of the digestion strategy and probe localization are 
depicted above each 2D-gel experiment. Red arrow indicates the direction of 
replication fork encountering RNA transcript depicted by black arrow. 2D-gels at 
TERs in strains described above were repeated several times with consistent 
results.  
 
7.7 Recombination does not mediate termination events 
Both Sen1- depleted and rrm3 cells are lethal in combination with mutants 
impaired in homologous recombination (HR), such as rad50 and rad51. 
Interestingly, in Prokaryotes recombination is engaged to deal with termination 
under pathological situations (Louarn et al., 1994). Therefore, we intended to 
address whether Rad51 mediates DNA replication termination in the absence of 
Rrm3 and Sen1. 
Rad51 belongs to the Rad52 epistasis group, which includes Rad50, 
Rad52, Rad54, Rad55, Rad57, Rad59, Mre11 and Xrs2. All of these factors are 
involved in DNA DSBs repair. Rad51 is a recombinase that binds DNA 
(Shinohara et al., 1992) and catalyses the identification and exchange of 
homologous sequences between ssDNA and dsDNA molecule (Sung, 1994). 
Rad51p interacts with itself and other HR factors from RAD52 epistasis group. 
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Figure 10. RAD51 deletion does not rescue GAL-URL-3HA-SEN1 rm3 
lethality. 
(A) sen1-1 rrm3 rad51 synthetic lethality. Tetrads obtained from the sporulation 
of the heterozygous diploid, sen1-1 rrm3 rad51, were grown at 25°C. Circles 
indicate double mutant while squares the triple mutant spores. 
(B) Serial dilutions of WT, rrm3, GAL-URL-3HA-SEN1, rad51, rrm3 rad51, 
GAL-URL-3HA-SEN1 rad51, GAL-URL-3HA-SEN1 rrm3 and GAL-URL-3HA-
SEN1 rrm3 rad51 in YPG and YPD. The experiment was done at 25°C. 
 
RAD51 deletion rescues the synthetic lethality of sen1-1 sgs1 at 25°C and 
partially sen1-1 srs2 at 37°C (Alzu et al., 2012). Based on these observations we 
tested whether sen1-1 rrm3 lethality is also rescued by rad51. For this purpose 
sen1-1 rrm3 was crossed with rad51 and the tetrads from heterozygous diploid 
were subjected to sporulation (Figure 10A). sen1-1 rrm3 rad51 cells are lethal and 
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GAL-URL-3HA-SEN1 rrm3 rad51 combination is not viable when switched to 
YPD medium (Figure 10B). Hence, RAD51 deletion does not rescue the lethal 
phenotype of GAL-URL-3HA-SEN1 rrm3 mutants. 
We then monitored the replication termination intermediates arising from 
replication fork converging in GAL-URL-3HA-SEN1 rrm3 rad51 cells, using WT, 
rrm3, GAL-URL-3HA-SEN1, rad51, GAL-URL-3HA-SEN1 rrm3, GAL-URL-3HA-
SEN1 rad51 and rrm3 rad51 as control strains. At 30-minute time point in S 
phase (Figure 11A) we did not observe any additive effect of deleting RAD51 in 
GAL-URL-3HA-SEN1 rrm3 (Figure 11B). The Xs spike seen in the triple mutant 
is Rrm3-dependent and not recombination-related, because the intensity of the X 
spike in both GAL-URL-3HA-SEN1 rad51 and rad51 mutants is similar to the one 
of WT cells. 
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Figure 11. Rad51 does not mediate replication termination. 
WT, rrm3, GAL-URL-3HA-SEN1, rad51, GAL-URL-3HA-SEN1 rrm3, GAL-URL-
3HA-SEN1 rad51, rrm3 rad51 and GAL-URL-3HA-SEN1 rrm3 rad51 cells were 
grown exponentially at 25°C (log) in YPG, synchronized with α-factor in G1 in 
YPG and released in YPD at 25°C. White arrows indicate X-shaped molecules. 
(A) Cell cycle progression followed by FACS analysis. 
(B) 2D-gel analysis at TER102. Genomic DNA was psoralen-crosslinked and 
extracted by CTAB technique at 30-minute from the release into S phase. 20 µg of 
DNA was digested, subjected to 2D-gel procedure, Southern blotted and 
radiolabelled with TER102 probe. The schematic representations of the digestion 
strategy and probe localization are depicted above the 2D-gels’ panel. Red arrow 
indicates the direction of replication fork encountering RNA transcript depicted 
by black arrow. 
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7.8 DNA replication termination failure in the absence of Sen1 
and Rrm3 helicases 
Genome-wide analysis has been used to monitor the replication dynamics 
in the budding yeast genome (Raghuraman et al., 2001; Raveendranathan et al., 
2006) (Wyrick et al., 2001). Although the activation of replication origins is well 
characterized in Saccharomyces cerevisiae, our knowledge about the control 
mechanisms at termination zones is very little.  
In order to shed light on replication termination processes we used 
genome-wide immunoprecipitation (GIP) with Bromodeoxyuridine (BrdU) 
incorporation technique to monitor replication forks progression at termination 
zones in WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA SEN1 rrm3 cells. 
Bromodeoxyuridine is a synthetic nucleoside, which is an analogue of thymidine. 
BrdU can be incorporated into the newly synthesized DNA of replicating cells 
substituting for thymidine during DNA replication. Since yeast cells are not able 
to incorporate BrdU, seven copies of the Herpes simplex TK gene under control of 
the yeast GPD promoter were inserted at the URA3 locus of chromosome V in a 
haploid Saccharomyces cerevisiae strain (Lengronne et al., 2001). In this way 
BrdU is incorporated into the newly synthesized DNA strand. 
The cells were grown O/N in a medium selective for TK copies (-URA). In 
the morning the minimal medium was changed for YPG and cells were pre-
synchronized in G1 with α-factor. 200 µg/ml of BrdU was added 30 minutes 
before the release into S phase in a fresh YPD medium containing 200 µg/ml of 
BrdU and 10 µg/ml of nocodazole. To keep a G2/M arrest up to 3 hours, 10 µg/ml 
of nocodazole was re-added after 1 hour (Figure 12A). Due to BrdU incorporation 
time limitations (Lengronne et al., 2001), working at 25°C and changing the 
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medium from YPG to YPD, which slows down replication fork progression, we 
were able to monitor replication fork fusion across TERs localized in between 
early firing origins with inter-origin distance up to 25 kb. 71 TERs has been 
mapped in the recent studies in replication termination (Fachinetti et al., 2010). 
1/3 (23 TERs) of those TERs have inter-origin distance between 10 and 25 kb. 
Only in TER503, TER601, TER704, TER902, TER1202, TER1604 we did observe 
fork fusion both in WT and GAL-URL-3HA-SEN1 rrm3 cells. TER704, TER1202 
and TER1604 are CEN-dependent while TER503, TER601 and TER902 are non-
highly transcribed Pol II termination zones. In the rest of analysed TERs, either 
we observed a complete fusion in WT and a replication gap around 1 kb in GAL-
URL-3HA-SEN1 rrm3 cells (Figure 12B), or there was a 1 - 4 kb gap in WT, and a 
bigger gap, 0.5 - 7 kb, in the double mutant (data not shown). This difference 
suggests that the GAL-URL-3HA-SEN1 rrm3 mutants are defective in the last 
steps of replication termination. 
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Figure 12. Sen1 and Rrm3 are indispensable in replication termination 
completion. 
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown in 25°C YPG, arrested with α-factor and released 25°C in YPD with 
nocodazole and BrdU. The arrest was kept for 3 hours. 
(A) FACS analysis of studied strains. 
(B-D) GIP with BrdU incorporation across three types of termination zones: Pol II 
(B), tRNA (C) and CEN-dependent (D). Direction of the replication forks, mRNA 
transcripts and the position of tRNA and CEN are indicated. Red peaks 
correspond to BrdU-IP while the grey peaks display the SUP fraction. Thin black 
bars below the peaks refer to statistically significant clusters of incorporated BrdU. 
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Thick black bars above each TER profile indicate the length of the zone where 
termination occurs. Black arrows indicate a gap between converging replication 
forks. 
 
7.9 DNA:RNA hybrids accumulation at TERs in GAL-URL-3HA-
SEN1 rrm3 cells is transient and S phase-restricted 
In budding yeast 57 out of 71 recently characterized TERs (Fachinetti et al., 
2010) contain a Pol II transcribing unit that, in a polar way, slows the replication 
fork facilitating replication termination. Due to multiple origins scattered along 
the genome, the clashes between transcription and replication are both head-on 
and codirectional.  
It has been previously shown that Sen1, which associates with replication 
forks, facilitates replication fork progression through highly transcribed Pol II 
units by preventing DNA:RNA hybrids formation in the negatively supercoiled 
DNA behind the transcription bubble (Alzu et al., 2012). The absence of Sen1 
leads to DNA:RNA hybrids accumulation on the lagging strand template that 
forms R loops, which are energetically stable structures formed by DNA:RNA 
duplex and ssDNA stretch. R loops accumulation correlates with aberrant DNA 
replication intermediates formation and strongly alter DNA topology, which has 
deleterious consequences for cell viability. Thus, due to the role of Sen1 in 
DNA:RNA hybrids removal at highly transcribed Pol II units, its association with 
replication fork and the fact that most of TERs are transcription-dependent, we 
investigated the potential DNA:RNA hybrids accumulation in WT, rrm3, GAL-
URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells, both in S phase and G2/M. 
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 In order to monitor DNA:RNA hybrids accumulation we used a technique 
developed in our laboratory that is called GIP-DNA:RNA (Genomic 
Immunoprecipitation with DNA:RNA hybrids). For this purpose we used a 
specific serum-free monoclonal antibody from mouse IgG2A S9.6 (Dutrow et al., 
2008). S9.6 antibody has a negligible sequence specifity, does not show any bias 
towards GC content, efficiently recognizes DNA:RNA hybrids of a minimum 
length of 15 bp and is highly sensitive to mismatches. One mismatched bp in a 
stretch of 15 bp reduces the signal 80 times, whereas a second mismatch 2000 
fold. 
2D-gels at selected termination zones in early S phase (see Results 7.6) 
have shown impaired replication fork fusion in the absence of both Sen1 and 
Rrm3 helicases. Based on this observation, we aimed to monitor both BrdU 
incorporation and DNA:RNA hybrids accumulation genome-wide at 40-minute 
time point from the release into S phase (Figure 13A). 
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Figure 13. In S phase in the absence of Sen1 and Rrm3 helicases DNA:RNA 
hybrids form at TERs, and their accumulation correlates with replication 
termination defects. 
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown in YPG, arrested with α-factor and released in YPD with BrdU. 40-minute 
time point was taken separately for GIP-BrdU and GIP-DNA:RNA. 
(A) Cell cycle progression of studied strains. 
(B-D) GIP with BrdU incorporation, GIP with DNA:RNA hybrids accumulation 
and the merge between GIP-BrdU and GIP-DNA:RNA across three types of 
termination zones: Pol II (B), tRNA (C) and CEN-dependent (D). Direction of the 
replication forks, mRNA transcripts and the position of tRNA and CEN are 
indicated. Red peaks correspond to BrdU-IP, yellow peaks indicate DNA:RNA 
hybrids and the grey peaks display the SUP fraction. Thin black bars below the 
peaks refer to statistically significant clusters of either incorporated BrdU or 
DNA:RNA hybrids. Thick black bars above each TER profile indicate the length 
of the zone where termination occurs. The experiment has been done 3 times with 
consistent results. 
 
 We have monitored BrdU incorporation in S phase across TERs located 
between early origins (23/71) in GAL-URL-3HA-SEN1 rrm3 cells (Figure 13B-D). 
We observed defects in termination in 17/23 analysed TERs except of 3 CENs: 
TER704, TER1504, TER1604 and 3 non-highly transcribed Pol II genes: TER503, 
TER601, TER1202. Moreover, in S phase in 46/71 TERs we noticed stronger 
DNA:RNA hybrids accumulation in the absence of Sen1 and Rrm3 compared to 
WT, rrm3 and GAL-URL-3HA-SEN1 (Figure 13B-D). The DNA:RNA hybrids 
were abundant at all highly transcribed Pol II units, both head-on and 
codirectionally-oriented, and all Pol III genes. We did not detect any DNA:RNA 
hybrids in 16/71 TERs, 3 of which were CENs and 13 were non-highly transcribed 
Pol II genes, both head-on and codirectionally-oriented. 
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 Interestingly, we did not observe strong DNA:RNA hybrids accumulation 
in S phase at TERs that contain highly transcribed Pol II genes in Sen1-defective 
cells. The single deletion of RRM3 contributes to DNA:RNA hybrids increase at 
TERs in Pol III-dependent TERs, and the effect is amplified when Sen1 is not 
functional. Thus, in S phase both Sen1 and Rrm3 together play an important role 
in DNA:RNA hybrids removal at TERs. 
 The next question we have posed was whether DNA:RNA hybrids 
accumulation at TERs in the absence of Sen1 and Rrm3 persists until G2/M. For 
this purpose we precipitated DNA:RNA hybrids genome-wide in the presence of 
nocodazole in WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 
cells (Figure 14A). In all the strains mentioned above, GIP-DNA:RNA hybrids 
precipitation was compared with GIP-BrdU immunoprecipitation in G2/M 
arrested cells. 
  
 
 
	   113	  
 
 
 
 
 
 
 
	   114	  
 
 
 
 
 
 
 
 
	   115	  
 
 
 
 
 
 
 
	   116	  
 
 
 
 
 
	   117	  
 
 
 
 
 
	   118	  
Figure 14. Abundant DNA:RNA hybrids formed in  the absence of Sen1 and 
Rrm3 at TERs in S phase do not persist until G2/M phase. 
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown in YPG, arrested with α-factor and released in YPD with BrdU and 
nocodazole. 180-minute time point was taken separately for GIP-BrdU and GIP-
DNA:RNA. 
(A) Cell cycle progression of studied strains. 
(B-D) GIP with BrdU incorporation and GIP with DNA:RNA hybrids 
accumulation across three types of termination zones: Pol II (B), tRNA (C) and 
CEN-dependent (D). Direction of the replication forks, mRNA transcripts and the 
position of tRNA and CEN are indicated. Red peaks correspond to BrdU-IP, 
yellow peaks indicate DNA:RNA hybrids and the grey peaks display the SUP 
fraction. Thin black bars below the peaks refer to statistically significant clusters 
of either incorporated BrdU or DNA:RNA hybrids. Thick black bars above each 
TER profile indicate the length of the zone where termination occurs. The 
experiment has been done 2 times with consistent results. 
 
We found that DNA:RNA hybrids accumulation at TERs in Sen1- and 
Rrm3-defective cells is transient and restricted to S phase. In GAL-URL-3HA-
SEN1 rrm3 cells the DNA:RNA-IP signal detected along the termination zones 
either is not considered as statistically significant or resembles WT (Figure 14B-
D). Therefore, abundant DNA:RNA hybrids formed in S phase in the absence of 
Sen1 and Rrm3 are removed and do not persist at TERs in G2/M. 
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7.10 DNA replication termination intermediates in GAL-URL-
3HA-SEN1 rrm3 are not detectable in G2/M 
 Since we have detected replication termination gaps between two 
converging forks, we aimed to examine whether replication termination 
intermediates persist at TERs in G2/M. 
 
 
 
We arrested WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 
rrm3 cells in nocodazole for 240 minutes (Figure 15A) and monitored the 
termination events at Pol II-dependent TER102 (Figure 15B). We failed to detect 
in Sen1- and Rrm3- defective cells any replication intermediates already at 180-
minute time point. Since those structures cannot be resolved, due to the persisting 
gap between converging replication forks, the intermediates might disappear 
either because of breaks formed at TERs or because they are backtracked. If the 
second hypothesis is true, the replication intermediates might be present at the 
flanking regions of TER102. 
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Figure 15. Absent replication termination intermediates in G2/M arrested 
GAL-URL-3HA-SEN1 rrm3 cells. 
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown exponentially at 25°C (log) in YPG, synchronized with α-factor in G1 in 
YPG and released in YPD at 25°C in the presence of nocodazole. 
(A) Cell cycle progression followed by FACS analysis. 
(B) Replication termination intermediates at TER102 analysed by 2D-gel 
technique. Genomic DNA was psoralen-crosslinked and extracted by CTAB 
technique at the indicated time points. 20 µg of DNA was digested, subjected to 
2D-gel procedure, Southern blotted and radiolabelled with a TER102 probe. The 
schematic representation of the digestion strategy and probe localization are 
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depicted 2D-gel panel. Red arrow indicates the direction of replication fork 
encountering RNA transcript depicted by black arrow. 
 
7.11 Nocodazole arrested GAL-URL-3HA-SEN1 rrm3 cells exhibit 
intact chromosomes 
 In the absence of Sen1 and Rrm3 helicases DNA replication is incomplete 
in G2/M (presented in Results 7.8). We failed to detect chromosome breakage in 
nocodazole arrested GAL-URL-3HA-SEN1 rrm3 cells by PFGE (presented in 
Results 7.4, Figure 7). Nevertheless, we revealed the presence of topologically 
linked branched molecules in the well in G2/M arrested Sen1- and Rrm3- 
defective cells. In order to understand the link between the processes described 
above, we aimed to investigate whether in G2/M arrested cells, breaks accumulate 
at TERs.  
To detect breaks at TER by PFGE, WT, rrm3, GAL-URL-3HA-SEN1 and 
GAL-URL-3HA-SEN1 rrm3 cells were arrested in nocodazole for 360 minutes 
(Figure 16A), DNA was extracted in agarose plugs and digested with the EagI 
enzyme. EagI digestion fragment of interest is ~110 kb long and contains three 
early and efficient origins of replication (ARS305, ARS306 and ARS307) and two 
termination zones (TER301 and TER302) with an inter-origin space of 35 kb 
(Figure 16B). We aimed to monitor TER302, which contains tRNA, LTR, Ty and 
Pol II- pausing units. 
We failed to detect breaks at TER302 in G2/M arrested GAL-URL-3HA-
SEN1 rrm3 cells. Intringuingly though, Sen1- and Rrm3- defective cells show at 
360-minute an increase of branched molecules that remain trapped in the wells 
(Figure 16B, C). In WT, rrm3 and GAL-URL-3HA-SEN1 cells the percentage of 
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non-migrated DNA at 360-minute time point was minimal (0.8%, 1.15%, 1.8%, 
respectively), whereas replicated DNA in GAL-URL-3HA-SEN1 rrm3 cells was 
topologically altered at TER302 and 7-fold more trapped in the well comparing to 
WT cells. 
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Figure 16. GAL-URL-3HA-SEN1 rrm3 G2/M arrested cells do not accumulate 
breaks but branched molecules at TER. 
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown exponentially at 25°C (log) in YPG, synchronized with α-factor in G1 in 
YPG at 25°C and released in YPD at 30°C in the presence of nocodazole. 
(A) Indicated time points were collected for FACS analysis. 
(B) Genomic DNA was extracted in agarose plugs at the indicated time points. 
Agarose plugs were digested with the EagI restriction enzyme. Yeast 
chromosomes were separated by PFGE and analysed by Southern blot with 
TER302 probe. M indicates the chromosome marker. 
(C) Percentage of the total chromosomal DNA subjected to PFGE after agarose 
plugs digestion trapped within the well at G1, 120’, 250’ and 360’. Quantification 
was done by using ImageQuant Software. 
Experiment was done 2 times. 
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7.12 Post-prometaphase DNA breaks formation in GAL-URL-
3HA-SEN1 rrm3 cells 
 In this study, all the experiments that have been done to unravel the 
mechanisms responsible for replication completion failure and branched 
molecules accumulation at TERs in the absence of Sen1 and Rrm3, were 
performed in G2/M arrested cells.  
 Nocodazole is an anti-neoplastic agent that does not allow metaphase 
spindle formation, causing the cell arrest in prometaphase. We asked whether the 
metaphase/anaphase transition might cause TERs’ breakage in GAL-URL-3HA-
SEN1 rrm3 cells. We arrested in G1 WT and GAL-URL-3HA-SEN1 rrm3 cells, 
released in S phase at 30°C and took 60-, 120-, 240- and 360-minute time points 
(Figure 17A). WT cells kept cycling whereas Sen1- and Rrm3- defective mutants 
showed 80% of cells arrested at 240-minute and ~100% at 360-minute. We used 
the same digestion strategy described in Results 7.11 to detect the integrity of 
TER302. We found that DNA breaks accumulate at 360-minute time point in 
GAL-URL-3HA-SEN1 rrm3 cells. The DNA breakage indicates that TERs become 
fragile during metaphase-anaphase transition in the absence of Sen1 and Rrm3. 
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Figure 17. Post-prometaphase TER breakage in GAL-URL-3HA-SEN1 rrm3 
cells. 
WT, rrm3, GAL-URL-3HA-SEN1 and GAL-URL-3HA-SEN1 rrm3 cells were 
grown exponentially at 25°C (log) in YPG, synchronized with α-factor in G1 in 
YPG at 25°C and released in YPD at 30°C. 
(A) Indicated time points were collected for FACS analysis. 
(B) Genomic DNA was extracted in agarose plugs at the indicated time points. 
Agarose plugs were digested with the EagI restriction enzyme. Yeast 
chromosomes were separated by PFGE and analysed by Southern blot with 
TER302 probe. M indicates the chromosome marker. 
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7.13 The checkpoint contribution to termination in GAL-URL-
3HA-SEN1 rrm3 cells 
GAL-URL-3HA-SEN1-rrm3 cells exhibit large budded cells and a first cell 
cycle arrest, indicative of a checkpoint dependent G2 block (Weinert and Hartwell, 
1988). In budding yeast Rad53 is an essential protein kinase that is 
phosphorylated and activated in a MEC1- and TEL1-dependent manner in 
response to DNA damage. The signal initiated by DNA damage is conveyed to 
Rad53 and Chk1 through Rad9 (Sanchez et al., 1999). Activated Rad53 is 
involved in cell cycle arrest, deregulation of origin firing, stabilization of stalled 
replication forks and transcriptional induction of repair genes (Lopes et al., 2001; 
Santocanale and Diffley, 1998; Tercero and Diffley, 2001). 
 Due to the synthetic lethality of Sen1- and Rrm3-defective cells, their cell 
cycle block in G2/M and highly altered topological state of DNA, we monitored 
Rad53 and γH2AX phosphorylation in GAL-URL-3HA-SEN1 rrm3 cells. We have 
also investigated whether RAD9 deletion enables GAL-URL-3HA-SEN1 rrm3 
cells to bypass the G2/M arrest and if so, how it does affect replication 
termination completion. 
 
 
7.13.1 The checkpoint activation and γH2AX phosphorylation in 
GAL-URL-3HA-SEN1 rrm3 cells 
 Rad53 and γH2AX phosphorylation are the hallmarks of ssDNA stretches 
accumulation. By using WT as a control, we monitored DNA checkpoint 
activation in GAL-URL-3HA-SEN1 rrm3 cells. The cells were arrested in G1 and 
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then released in non-permissive conditions for Sen1p expression. At 120-minute 
time point 80% of GAL-URL-3HA-SEN1 rrm3 cells were arrested and ~100% 
reached the G2/M block at 360-minute (Figure 18A). We have detected both 
Rad53p and γH2AX phosphorylation in GAL-URL-3HA-SEN1 cells in all 
analysed time points. These data suggest that GAL-URL-3HA-SEN1 rrm3 cells 
accumulate checkpoint signals leading to Rad53 activation and γH2AX 
accumulation.  
 
 
 
 
Figure 18. γ-H2AX and Rad53p are phosphorylated in the absence of Sen1 
and Rrm3. 
WT and GAL-URL-3HA-SEN1 rrm3 cells were grown exponentially at 25°C (log) 
in YPG, synchronized with α-factor in G1 in YPG at 25°C and released in YPD at 
25°C. 
(A) Indicated time points were collected for FACS analysis. 
	   128	  
(B) G1, 60’, 120’, 240’ and 360’ time points were taken and processed with 
TriChloroacetic Acid (TCA) extraction. WT cells treated with DMSO for 2h 
served as a γ-H2AX and Rad53p phosphorylation control. The antibody used to 
detect phosphorylated Rad53p (F9.1) gives an unspecific band in G1 arrested cells. 
PGK1 was used as a loading control. 
 
7.13.2 RAD9 deletion in GAL-URL-3HA-SEN1 rrm3 cells bypasses 
the first G2/M block 
 Rad9 is a DNA damage checkpoint protein required throughout the cell 
cycle. RAD9 null mutants are viable but exhibit strong sensitivity to X-ray and 
UV irradiation. rad9 cells fail to arrest the cell cycle in response to DNA damage 
(Fasullo et al., 1998; Weinert and Hartwell, 1988, 1990). 
 
 
 
We have deleted RAD9 in order to better understand the checkpoint role in 
GAL-URL-3HA-SEN1 rrm3 cells. RAD9 is the only DNA damage checkpoint 
gene, whose deletion is not lethal in permissive growth conditions (YPG) of GAL-
URL-3HA-SEN1 rrm3 cells. Mutated MEC1, TEL1 and RAD53 are already 
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synthetic lethal combined with used in this study SEN1 conditional system with 
deleted RRM3 grown in YPG (data not shown). 
 
 
 
Figure 19. GAL-URL-3HA-SEN1 rrm3 rad9 are synthetic lethal but fail to 
arrest at the first G2/M phase of the cell cycle. 
(A) Serial dilutions of WT, rrm3, GAL-URL-3HA-SEN1, rad9, GAL-URL-3HA-
SEN1 rrm3, GAL-URL-3HA-SEN1 rrm3 rad9, GAL-URL-3HA-SEN1 rad9 in 
YPG and YPD plates. The plates were kept at 25°C. 
(B) WT, rrm3, GAL-URL-3HA-SEN1, rad9, GAL-URL-3HA-SEN1 rrm3, and 
GAL-URL-3HA-SEN1 rrm3 rad9 cells were grown exponentially at 25°C (log) in 
YPG, synchronized with α-factor in G1 in YPG at 25°C and released in YPD at 
25°C. Indicated time points were taken and proceeded for FACS analysis. 
 
 Serial dilutions of GAL-URL-3HA-SEN1 rrm3 rad9 on YPD plates 
showed that the triple mutants were unviable (Figure 19A). Interestingly, these 
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cells bypass the G2/M block of the first cell cycle as shown by FACS analysis 
(Figure 19B).  GAL-URL-3HA-SEN1 rrm3 rad9 cells not only fail to arrest in 
G2/M but also keep cycling in YPD for an extra 4 divisions when compared to 
GAL-URL-3HA-SEN1 rrm3 mutants.  
 
7.13.3 GAL-URL-3HA-SEN1 rrm3 rad9 cells cycle with 
chromosomes partially replicated 
 Due to the observed bypass of first G2/M arrest in GAL-URL-3HA-SEN1 
rrm3 rad9 cells, we questioned the checkpoint contribution in DNA replication 
completion. Thus, we monitored replication forks merge at TERs by genome-wide 
BrdU incorporation. As previously described, the cells were arrested in G1 in 
YPG and then released in YPD (adding BrdU 20 minutes before the complete 
arrest) in the presence of BrdU and nocodazole. The G2/M arrest was kept for 3 
hours. Together with GAL-URL-3HA-SEN1 rrm3 rad9 we used WT and GAL-
URL-3HA-SEN1 rrm3 cells as a negative and positive control, respectively. 
Due to BrdU incorporation time limitations (Lengronne et al., 2001), 
working at 25°C and changing the sugar source from galactose to glucose, we 
monitored replication fork fusion across TERs localized in between early firing 
origins with inter-origin distance up to 25 kb. The results we obtained in GAL-
URL-3HA-SEN1 rrm3 rad9 mirror replication completion failure in GAL-URL-
3HA-SEN1 rrm3 cells. In all analysed TERs, with the inter-origin distance 
between 10 and 25 kb, only in TER503, TER601, TER704, TER902, TER1202, 
TER1604 we did observe fork fusion both in WT and GAL-URL-3HA-SEN1 rrm3 
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rad9 cells. TER704, TER1202 and TER1604 are CEN-dependent while TER503, 
TER601 and TER902 are non-highly transcribed Pol II termination zones. 
These data suggest that the ablation of RAD9 does not mediate replication 
termination in the absence of Sen1 and Rrm3 helicases. 
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Figure 20. The checkpoint does not influence replication termination in GAL-
URL-3HA-SEN1 rrm3 cells. 
WT, GAL-URL-3HA-SEN1 rrm3 and GAL-URL-3HA-SEN1 rrm3 rad9 cells were 
grown in YPG at 25°C, arrested with α-factor and released in YPD at 25°C with 
nocodazole and BrdU. The arrest was kept for 3 hours. 
(A) FACS analysis of studied strains. 
(B-D) GIP with BrdU incorporation across three types of termination zones: Pol II 
(B), tRNA (C) and CEN-dependent (D). Direction of the replication forks, mRNA 
transcripts and the position of tRNA and CEN are indicated. Red peaks 
correspond to BrdU-IP while the grey peaks display to the SUP fraction. Thin 
black bars below the peaks refer to statistically significant clusters of incorporated 
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BrdU. Thick black bars above each TER profile indicate the length of the zone 
where termination occurs. Black arrows indicate a gap between converging 
replication forks. 
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8 Discussion  
8.1 Evolutionary impact of polar replication forks  
Eukaryotic replication termination occurs at TERs that contain replication 
fork pausing elements. Eukaryotes and Prokaryotes share common features in 
terminating DNA replication within specific TERs, which contain polar pausing 
elements and are genetically unstable in certain backgrounds. In Escherichia coli, 
Ter regions and Tus protein, which is a trans-acting factor required for replication 
fork arrest, determine proper replication termination. Tus protein binds Ter and 
blocks the helicase DnaB in an orientation-specific manner. The trap mechanism 
of replication termination in E. coli, localized opposite from the single origin of 
replication in a circular chromosome, is similar in Bacillus subtilis. Even if the 
protein and DNA components involved in polar replication fork arrest in B. 
subtilis are different from Tus and Ter in E. coli, the replication termination 
protein (RTP) also has a contrahelicase surface that arrest approaching DNA 
helicase (Mirkin and Mirkin, 2007).  
Sequence-specific protein binding that trigger replication fork arrest is not 
only restricted to prokaryotic replicons. A polar replication fork block has been 
also observed in Eukaryotes at ribosomal DNA loci. High density of polymerases 
and long transcription units challenge the integrity of rDNA by polymerase traffic. 
Site-specific replication fork arrest occurs in yeast (Linskens and Huberman, 
1988), plants (Hernandez et al., 1993), frogs (Wiesendanger et al., 1994) and 
humans (Little et al., 1993). Replication fork barriers (RFBs) work in a polar 
manner. They assure that replicative machineries enter the pre-RNA coding 
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regions in the same direction as transcription, so rDNA can be replicated 
unidirectionally. 
The recent findings in S. cerevisiae argue the tremendous evolutionary 
impact of the polar replication fork barriers in chromosome replication (Fachinetti 
et al., 2010). It has been noted that 58/71 TERs have well conserved pause sites in 
other yeasts. CENs were excluded from these analyses because they rapidly 
diverge in evolution (Henikoff et al., 2001). Therefore, evolution was driven 
towards preserving TER-containing pause sites integrity. 
In these studies we have shown that both Sen1 and Rrm3 assist replication 
fork progression across TERs and are indispensible in fork fusion. In the absence 
of Sen1 and Rrm3, we have examined BrdU incorporation at termination zones 
localized between early and efficient origins of replication with the inter-origin 
distance up to 25 kb. We observed replication termination failure in 17/23 TERs 
in GAL-URL-3HA-SEN1 rrm3 cells. The fusion that we noted occurred within 
three CENs (TER704, TER1202, TER1604) and three TERs containing non-highly 
transcribed Pol II units (TER503, TER601, TER902). Following BrdU 
incorporation profile, we noted that replication forks fuse at TERs in an 
asymmetric manner. 
 
8.2 Transcription as a major hindrance in the replication fork 
progression across TERs 
Replication forks come across many natural impediments. Stable DNA-
protein complexes, DNA secondary structures, converged forks and highly 
transcribed genes challenge the fork progression. Transcription and transcription-
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related processes cause replication stress and altered DNA topology in S phase. 
The S phase architecture of RNAPII genes is highly regulated (Bermejo et al., 
2009) and the ATR checkpoint needs to counteract gene gating to allow 
replication fork progression when encounters transcription bubble (Bermejo et al., 
2011). How the transcription apparatus is dismantled after releasing the gated 
loop from the nuclear pore still remains elusive. Conflicts arising from replication 
and transcription collisions are inevitable. Head-on clashes between transcription 
and replication machineries pose additional problem due to the high topology 
complexity ahead of the fork (Bermejo et al., 2012). Positive supercoiling, R-
loops, non-B-DNA structures formation and promotion of DNA damage affect the 
genetic landscape.  
Rrm3 is a Pif1-family related helicase. Pif1 is preferentially active on 
DNA:RNA hybrids, as seen as a faster rate on DNA:RNA hybrids unwinding 
compared to DNA:DNA hybrids (Boule and Zakian, 2007). Our data for the first 
time indicate the role of Rrm3 in unwinding hybrids at Pol III containing TERs, 
which are known to be Rrm3-dependent regions. In contrary, Sen1 is known to 
remove DNA:RNA hybrids at Pol II regions when transcription encounters 
replication fork. While we did not observe aberrant replication termination in 
Sen1- defective cells, the absence of RRM3 leads to termination failures, which 
are deleterious for genome stability. 
Here we show that replication termination needs to coordinate replication 
fork progression, topological dynamics and transcription processes. Our data 
provide evidence that in cells lacking both Sen1 and Rrm3 replication forks do not 
fuse at TERs in head-on and co-directional oriented highly transcribed Pol II and 
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Pol III genes. In 3/20 analysed TERs (excluding CENs), where we detected the 
fork fusion, the level of transcription was very low (Azvolinsky et al., 2009). We 
show that both Sen1 and Rrm3 counteract DNA:RNA hybrids accumulation at 
TERs. Although the hybrids accumulate both in co-directional and head-on 
clashes with replication fork at TERs, there are more abundant in the head-on 
blocks with highly transcribed genes. Moreover, the more abundant DNA:RNA 
hybrids are, the less complete BrdU incorporation at TERs is observed.  
 
8.3 Interlinked DNA molecules formation in G2/M in the absence 
of Sen1 and Rrm3 
We showed that Sen1- and Rrm3- defective cells have abnormal 
morphology and arrest in G2/M in the first cell cycle. The lack of Sen1 and Rrm3 
helicases does not affect origin firing but termination events. However, we failed 
to detect replication intermediates at TERs in G2/M arrested cells. 
Recent studies in mammalian cells have shown that DNA replication 
stress generates DAPI-negative ultra-fine bridges (UFBs) of DNA connecting 
daughter nuclei during mitosis (Chan et al., 2009). As a consequence of UFBs 
formation, sister chromatids are interlinked by replication intermediates at the 
chromosomal fragile sites, which are loci of frequent breakage and translocations. 
The Fanconi anaemia proteins FANCD2 and FANC1 connect with these fragile 
site loci and are linked through BLM (Bloom syndrome)-associated UFBs. Both 
BLM and FANC A-N syndromes are associated with cancer predisposition. In 
budding yeast, Rad52 and RPA proteins are recognized at the structures that 
resemble mammalian UFBs (Michael Lisby, unpublished). The RPA detection at 
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UFBs indicates that these anaphase bridges contain unreplicated ssDNA stretches. 
Moreover, Dpb11 protein, which is a multifunctional factor acting in replication 
initiation and as a checkpoint sensor recruited to stalled replication forks where it 
activates Mec1p, also coats these structures that connect the two daughter nuclei 
(Michael Lisby, unpublished). Therefore, the tremendous topological force 
between converging forks at TERs might pull away the interlinked unreplicated 
molecules. It is also known that catenated junctions might be mobile and spread 
along the chromosome (Spell and Holm, 1994). In this scenario, perhaps 
replication intermediates cannot be visualized at the analysed restriction 
fragments by 2D-gels. Replisomes at stalled forks might be backtracked, allowing 
processing of the nascent chains through the action of exo/endonucleases. This 
theory needs to be verified by choosing a different digestion strategy, in which a 
wider fragment that includes TER and its adjacent regions is analysed. It is also 
possible that those forks that are unable to fuse due to topological constrains 
undergo fork reversal during processing. 
Another piece of data, which confirms the formation of interlinked, not 
fully replicated chromosomes in G2/M arrested GAL-URL-3HA-SEN1 rrm3 cells, 
comes from the PFGE analysis. Up to 25 % of the DNA exhibit topologically 
complex structures in the G2/M phase. We can therefore conclude that Sen1 and 
Rrm3 contribute in resolving the topological complexity of replicon fusion. 
 
8.4 Are TERs the hot spots for DNA breakage? 
The topological stress generated when replication forks approach from 
opposite directions, and eventually fuse at TER, cause the accumulation of 
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supercoils, precatenates and/or hemicatenates. It is known from Prokaryotes and 
in vitro studies that precatenates are mainly resolved by topoisomerase II, but can 
be a substrate for topoisomerase I activity. Hemicatenates resolution is instead 
mediated by RecQ helicases together with topoisomerase III. Due to the high-risk 
topological transitions at TERs, they may represent fragile sites prone to genome 
rearrangements and DNA breakage. 
We have observed DNA breakage at TERs during metaphase-anaphase 
transition in GAL-URL-3HA-SEN1 rrm3 cells (Figure 17B). We speculate that the 
abnormal accumulation of interlocked replication termination intermediates 
causes sister chromatids’ entanglement. Thus, the onset of anaphase generates a 
mechanical stress that pulls apart the sister chromatids, which are still 
topologically linked. Then, internal chromosomal stress, where mechanism still 
needs to be unravelled, causes chromosome breakage at the linking regions at 
TERs, perhaps through activity of Topo II. Intriguingly, four of the five TERs on 
chromosome III are known as replication slow zones (RSZs) (Cha and Kleckner, 
2002). RSZs are proposed to share the functional homology with the mammalian 
common fragile sites (CFSs), which stability is regulated by ATR. In budding 
yeast lack of MEC1 (mammalian ATR) leads do genomewide fork collapse, 
which results in chromosome breakage. Breaks are not formed stochastically but 
occur at specific regions during G2 chromosomal transition (Cha and Kleckner, 
2002). We assume that replication fork pausing elements and RSZs contribute to 
the integrity of termination zones, which is controlled by Mec1 and Rad53. 
Indeed, we have detected Rad53 phosphorylation in GAL-URL-3HA-SEN1 rrm3 
cells. Moreover, deletion of a checkpoint gene, RAD9, results in the bypass of the 
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first G2/M arrest, which probably leads to high rate mutations formation and cell 
death. 
The very recent studies of the MEC1-sensitive fragile sites unravelled 
additional events required for the break formation (Hashash et al., 2012). It has 
been shown that chromosome breakage at RSZs is independent of the RAD52 
epistasis group genes and of TOP3, SGS1, SRS2, MMS4 and MUS81. These data 
exclude the homologous recombination and recombination-related processes 
contribution in break formation. Considering TERs as break-prone regions, this is 
consistent with our results. We have shown that Rad51 is not involved in 
topological transitions during fork fusion. Moreover, RAD51 deletion does not 
rescue the sen1 rrm3 lethality as it does in sen1 sgs1 and sen1 srs2. Hashash and 
co-workers (Hashash et al., 2012) has argued that spindle force, anaphase and 
cytokinesis are dispensable in break formation at RSZs. The breakage at the 
MEC1-sensitive fragile sites depends on condensin subunits (YCG1 and YSC4) 
and topoisomerase II (TOP2). It is proposed that internal stress during mitotic 
chromosome condensation is involved in break formation at RSZs in mec1 
mutants. These findings are consistent with our studies regarding break formation 
at TERs. We hypothesize that Top2 and condensins are responsible for break 
formation at TERs, especially that Top2 is known to be involved in the last 1 kb 
catenates resolution between converging forks at TERs (Fachinetti et al., 2010). It 
will be interesting to check GAL-URL-3HA-SEN1 rrm3 top2-1 and GAL-URL-
3HA-SEN1 rrm3 ycg1/ysc4 mutants by PFGE and see whether chromosome 
breakage in these modified genetic backgrounds is repressed. 
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8.5 Terminating replication at TERs 
DNA damage caused by R loops accumulation, DNA breaks and 
presumably ssDNA formation due to Rad53p phosphorylation cannot be repaired 
and leads to cell death in GAL-URL-3HA-SEN1 rrm3 cells. Our data place Sen1 
with Rrm3 at termination zones where together they counteract deleterious 
DNA:RNA hybrids accumulation and break formation. Failure to regulate the 
collisions between replication and transcription at TERs affect genome stability 
and can have relevant implications for cancer. 
 
 
 
Model 7. A model of combined action of Mec1, Rad53, Sen1 and Rrm3 in 
replication termination at TERs. 
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The model represents replication fork fusion at TER with a gene gating as a threat 
for replication fork progression. Direction of replication forks (red) and 
transcribed mRNA (blue) are depicted by the arrows. 
The left panel represents a physiological situation with functional checkpoint 
genes (Mec1 and Rad53) and replicative helicases (Sen1 and Rrm3). The right 
panel refers to a pathological situation in the absence of functional Mec1/Rad53 
or defective Sen1 and Rrm3. The model is described in the text below.  
 
We propose a model for terminating replication at TERs, in which a proper 
coordination of the checkpoint factors, Mec1 and Rad53, and replicative helicases, 
Sen1 and Rrm3, is indispensable for replication completion (Model 7). 
In physiological situations (Model 7, left panel) when replication fork 
encounters gated loops (in the model the replication/transcription clash is head-on 
oriented), the local checkpoint becomes activated and leads to the gene loop’s 
dismantlement (Model 7, top left panel). When the architectural domain of 
transcribed region at TER is simplified, the fork can continue its passage. Both 
types of topoisomerases, Top1 and Top2, travel with replication fork (not stressed 
in the Model 7). Top2 is involved in precatenanes resolution behind the fork while 
Top1 relaxes the positive supercoiling ahead. The polarity of the fork merge 
ensures that after gene loop dismantlement, the upcoming fork (co-directionally 
oriented with the transcript) will absorb the negative supercoils accumulated 
behind the transcription bubble. DNA:RNA hybrids removal at TER by Sen1 and 
Rrm3 helicases, and last 1 kb catenanes relaxation by Top2, results in a proper 
fork fusion and chromosome resolution.  
In pathological situations (Model 7, right panel) in checkpoint-defective 
cells, NPC-associated gene loops are a threat for replication fork. Not dismantled 
gated loops redound to a tremendous torsional stress accumulation ahead of the 
	   144	  
fork, which leads to the fork reversal and cell death (Model 7, top right panel). In 
a situation when both Sen1 and Rrm3 helicases are defective, DNA:RNA hybrids 
persist on the lagging strand. Co-directionally upcoming replication fork, with 
positive supercoils ahead, remove the negatively supercoiled DNA:RNA hybrids, 
which accumulation is transient and restricted to S phase (what we have shown). 
The lack of both helicases and topological tension between forks might lead to 
termination intermediates backtracking, and later results in break formation at 
TERs and cell death. 
Our data provide a novel understanding of topological transitions and 
mechanisms responsible for polar replication termination at TERs in Eukaryotes. 
Those mechanisms involve replication/transcription coordination, topoisomerases 
activity and DNA checkpoint control. Defects in any of those processes have 
deleterious consequences for genome stability. 
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